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available funds. "A mobile, field-worthy electron gun was checked out in a very

limited series of outdoor tests on a 6 ft. cube of granite. Test results con-
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A mathematical model of the electron beam piercing process and thermal stress
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Since the collection of pertinent experimental data has not even

been started the intended systems evaluation and economic projections beyond

earlier estimates could obviously not yet be made.
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f • ABSTRACT

During the past four years, laboratory tests conducted by

Westinghouse have shown that the electron beam gun is a promising

tool for uze in hard-ruLk excavation. Hc.:ever, beciuse these tests

were only conducted on small, unconstrained, laboratory test specimens

weighing a few hundred pounds, their results are not appropriate for

evaluating the use of the electron beam gun in large-scale tunneling

and mining operations. Such an evaluation was the original, prime,

objective of the U.S. Bureau of Mines contract (H0110377), of which

this publication is the Final Technical Report. The contract was aimed

at field tests to study the electron beani process on a semi-infinite,

constrained rock mass, such as might be encountered in mining or tun-

neling. The objectives of the alectron beam gun evaluation program

were:

1. To obtain field operating data.

2. To determine the effectiveness and economic feasibility

(of the electron beam gun compared with conventional methods of hard

rock excavation.

3. To det ýrtnine practical optimums for equipment configuration

and modes of opera ion.

In support )f the foregoing effort, laboratory experiments

and theoretical studies were also to be conducted to compute, and if

possible to predict, the thermal stresses 4nd the resultant rock

fragmentation for various cutting strategies and election beaimi para-

meters in different types or rock.

When part of the above program was completed it was found that

rho carriage for the ,lectron gun and other field support equipmetnt had

(cost wore than anticipated, and with the remaining funds actoal field

test coul.d not be performed. Hy way of a revision of thu original

iv



contract, and as an interim objective towards the overall objective,

it was therefore decided to complete the construction and tests of a

mobile, field-worthy electron gun for rock cutting, and to use it for a

limited series of process studies and cutting tests oil a large block of

granite which, at least for some of the tests, represented a quasi-

infinite rock face. It is clear, however, that a proper assessment of

the e.b. method for large scale cracking of rock ledges, etc., could

not be expected from such limited tests. Also excluded by the contractI. revision was the originally intended Systems Analysis Study, which was

supposed to project the conclusions of the tests into reference witha

productive, rapid, hard-rock excavation system; such a study can only

be based on full-scale field tests.

Under the contrac~t several tasks were accomplished. A carriage

was designed and built for making an electron gun sufficiently mobile

(Tie unand its auxiliaries were not built Linder contract but are

Westinghouse property existing prior to this contract.)

The electron gun was tested in a limited number of tests on a
6 t ube of grani te. Thefle tes (I t door withtee~ p

Jljknit C Out i gu dt I tof vvviiLii 1 .% II . eio d tehst . A s .4t h.

a ceiiotLqy cotitrolled, "long .gun has been success-

fully demonstrated.

A mathematical model wa ivh 'p approximate the electron

beam piercing process and the subsequent development of thermal stresses,

up to the point of cracking. This program identified the several

critical parameters of thle iprocasm and predicted Stress configurations

which are in qualitative agraemenL with the cracking configurations

found oxIperlmentally.

In conclusion, the original contract objectives, namely field

LestH of tile electron beam rock cutting process on ita emi-infinite rock

face, were not toot with the avajiable fund". However, a mobile, tiold-

worthy electron aun wus checkedl out in a very limited ueries of outdoor

toots on a 6 ft. Cuba of granite.
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Test results confirmed all expectations. Some evidence was

obtained of cumulative cracking effects from successive piercing shots

and melt-cuts. Use of the electron beam for spalling was also

quccessfully demonstrated.

It was shown, by radiation surveys, that the problem of shielding
against x-rays is easily accomplished with straight forward -.&.±chniqu'±s.

Nothing showed up in the tests which would preclude considera-

tion of the electron beam rock cutting process for large-scale operations.

It is clear, however, that the present, very limited test results do

not contain sufficient information to serve as a basis for an analysis

of an integrated electron-beam excavation system.

•I
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V

I

D u r in g r h o p a st f o u r y u a r t , .lb ora t or y t fis)u c o n d u c t u d b y

Wetitinghou .•e .Avo ahow tn that the u.Loct ron beo m .gun may be a promising

'ool fur use in hard-rock xcavatioun (Rfs. 3 and 4) These testa have

boen conducted on amall, unconsLra.tinud laboratory tost specimens woighingS, a few htund'red pounds. Trhe pr'osent contractual work is aimed at field'•x
•| • testn to study the electr'on beam process on a sumi-itnfinite, uonstrained

Sok IUaNs, Kýsuch uS might bU encountered in mining or tunneling operations.

The end-objectives of the electron beam gun evaluation .•

[i program are:

"1. To obtuin field operating data.
S2. To determine the effectiveness and oconomic feasibility

of the electron beam gun compared with convent:ional qwt:hods of hard

rock excavation.

3. To determine practical optimums for equipment configura-

tion aiw' modes of operation.

In support of the foregoing effort, laboratory experimentsI and theoretical studies were also to be conducted to compute, and if
possible to predict, the thermal stresses and the resultant rock

fragmentation for various cutting strategies and electron beam para-

meters in different types of rock.

When part of the above program was completed it was found that
the carriage for the electron gun and other field support equipment had

cost much more than anticipated, and with the remaining funds actual

field test could not be performed. By way of a revision of the original

See list of references in Appendix C.
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contract, and as an interim objective towards the overall objective,

it was therefore decided to complote thl construction and tests on a

~o•iles field-worthy electron gun for rock cutting, and to use it for a

limited series of process studies and cutting tests on a large block of

granite which, at least for some of the tebts, represented a quasi-

infinite rock face.

It was clear, however, that a proper assessment of the e.b.

method for large scale cracking of rock ledges, Utc,, could not yet be

expected from such limited tests.

Also excluded by the cuntract revision was the originally

intended Systems Analysis Study, which was supposed to project the

conclusions of the tests into reference with a productive rapid hard

rock excavation system; such a study can only be based on full-scale

tests.

V1-
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2. REPORT SUMMARY

A carriage was designed and built for m•aking an electron gun

sufficiently mobile to use it in a series of electron beam rock cutting

tests on a semi-infinite rock face. (The gun and its auxiliaries were

not built under contract but are Westinghouse property existing prior

to this contract.) When the gun was to be attached to the carriage,

difficulties were encountered which necessitated redesigns and modifi-

cations of the carriage; these were costly and time consuming. In the

preparations for field tests unexpected expenses were encountered also.

With the available funds it was therefore only possible to check out

the electron gun in a limited number of tests on a 6 ft. cube of granite.

These tests were made with the equipment to be used in the field tests,

and were made outdoors.

The electron gun performed as expected. Some evidence was

obtained of cumulative cracking effects fr,'m successive piercing shots j

and melt-cuts, although a 6 ft. specimen is too small for any demonstra-

tion of effects of the size one would expect when working on a larger

rock face. Therefore the present, very limited test results cannot yet

be used as a basis for excavation systems analysis, and no such analysis

has been made. On the other hand nothing unfavorable has shown up in

the outdoor tests which would affect earlier estimates of the efficiency

of the electron beam rock cutting process in large scale operation. In

fact, a remotely controlled, "long barrel" electron gun has been success-

fully demonstrated. It has also been shown, by careful x-ray Psveys, that

shielding against the x-rays poses no problems.

Another task under the contract called for the development

of a mathematical model describing the electron beam piercinp process

F4 and the subsequent development of thermal stresses, up to the point of

2-1



cracking. This was successfully accomplished and a model devised which

shows the influence of various critical parameters on the process, and .,
which agrees reasonably well with test results of a number of evaluative

laboratory tests and the outdoor tests.

ij
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A

3. INTRODUCTION

The reasons why one may consider focused electron beams as

tools for rock cutting lie in the unique properties of this tool which

LA shall be briefly described here in order that the later discussion of

the test results may be understood better. In the electron gun

electric energy is converted into electron beam energy and, surprising

as this may sound to many people, the conversion efficiency is better

than 90%. Even if we consider the power needed by all auxiliary equip-

ment of the machine the conversion efficiency is yet better than 75%.

At the same time the total power in a single electron beam which is

presently about 30 kW can readily be increased to 100 kW and more.

Single-beam guns with over 1 MW of beam power have been built for

steel furnaces.

The electrons are bullets, and their energy is carried as

kinetic energy and not, as one might think, in the form of electrical

energy. The energy flux that can be achieved is highly directional;

we find for the radiance a value of more than 10 W/cm 2sr in a 150 kV

beam. This means, if we focus t1:e beam so as to get a power density of
6 2

10 W/cm the angular aperture of the beam will still be less than 1'.

This directionality is disturbed and destroyed when the electrons are

scattered in watter of high density; let it suffice here to say that
hot gas (hot rock vapor) is not of such high density as to impede

our process.

3-1
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iFIG;. 3-1 Generalized Schematic of Rock Breaking Operation by Means
~ Iof a Focused Electron Ream.

2 Where the focused electron beam Impinges, the rock will
:!ieo"t and vaporize inwi.diatel.y. A simple calculation shows (see

Section 5) the mc.It front wit I trovw I Into thl rock to a depth i of

2 to 6 inches wilh ,I aspeed much i.iIs er than the heat. wavvy which

!obviouily also emanates from the melt front.. Stating the same fac t s
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differently: we vaporize a deep and narrow hole into a rock within

10 to 60 seconds, and the heat does not spread very far in this period

of time compared with the depth of the hole. We have, initially, a

kind of drilling process. There is some back scatter of electrons,

but it is less than 5%; in general, the coupling efficiency of the

14 energy into the rock is very good.

The drilling process slows down when the depths of the

cavity becomes so great that the power density is diminished by

electron scattering; yet then we have already a depth-to-width ratio
for the cavity between 5:1 and 10:1 with an actual depth of 2 to 8
inches. If we now simply keep the electron beam going, additional

4 power is pumped into this cavity; moreover, it is mainly released at

the deepest point.' Hence, heat is flowing into the rock from a

"source" which is, say, 6 inches below the surface. What we have

accomplished by this process is to carry considerable amounts

of energy quickly deep below the surface of the rock face. The expense

which we incur because of the fact that we vaporize some rock is

bearable, because the total volume of the melted and vaporized rock

is small, because of the great depth-to-width ratio of the cavity.

This is typical for electron beam processes, for instance for electron

beam welding as well; the high depth-to-width ratio is something like

a trademark for electron beam tools.

[H Now, as a first mode of usage we can obviously move the

electron beam laterally along and make narrow and deep melt cuts in

any kind of material. More about this aspect later. Neither hardness

itur melting point matters.

The following is more important. Concurrently with the

melting process there is heat flowing into Lhe rock. Very steep

thermal gradients and high thermal stresses are produced. It is

important that these thermal stiresses are static in nature and remain

behind after the electron beam is moved or switched off. Stress

fields, computed for certain temperature distributions, are shown and

3-3
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discussed in Section 5. The stresses extend far into the cold region .1

and further than the depth of the cavity. Fortunately, rocks are

brittle and sooner or later every rock will break under these thermal

stresses. If we use this aspect of our process intelligently, we can

break much more rock than by simply making thin melt cuts. In other

words, we have now two different processes available for the use of

an electron beam of high power density, namely, (i) making melt cuts,

or (ii) fracturing rock on account of the induced thermal stresses.

There is a third process to which the electron beam energy

can be applied, although it works only in certain types of rock,

namely: (iii) spalling of the rock surface. To keep a spalling process

going the energy input density must be kept at just the right level;

it will therefore be of no advantage that the clectron beam can supply

more. Nevertheless, the high coupling efficiency of the e.b. power

input can be advantageous, and under certain conditions, this is a

third mode of operat Ion for the electron gun where it may be superior

to the flame or radiant heating.

Somet im mL It lI u i, I y r'v4 Iti rod to mailkw ;i t iLt into a rock,

ri.ither than to hruak it oIp IntoL ih-r o, T. i. thionllot.t hd rIrlino crack

will sepanrait the., piiirt a. n ii t4i• or IfIit, I oh, I1 1iv,. lhIi ll ay lhi, all] that

is tfledvcd If big hilotw.t) 'an ho move, nil r oinove, t Ii tuto, an mlay ba

the case in Curtlii Lt nItII tug| oPitPill 10l11t, hil ItO( W it l II IikIlInAi

I'hu. Lrad I t I Olita I t ItI 1 1 ) I I lIl 1 1111h It4 t o ilrt' 11 h III t sIw

or M) ra l•ive d isv, hir i u'tk Ii ., ii I ,i d .laitiondtl iaw tr a wirQ iaw.

Neither Is sut ed for hirmu mi41 Io Iitioms I I tig

lPor uN11110l 11 1`110 mitcht hlAhioit LuIkod :aIttitit ktn I -cuItt inir

t le ou0 t] fne (i f th(- tunl, 1 Ii i'1 . Iii oI'idot Iit KeA I 1 140100th W1t I , t he1

tChe inntnr putt mway he rl'o.m uuid oi•ili hy drill I •illd bla ti ng, lhu

cracks will not lump thlt, kort iiad tLhlilt ooIde wa l.1 will itay Amooth

and sound.
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What matters in kerf-cutting is the energy needed per unit

of length; the width of the kerf hardly matters as far as the purpose

of the kerf is concerned, but it affects the energy which must be

supplied.

As already mentioned the electron beam can make a narrow

melt-cut. Since the energy flux density in the focused beam is in the

order of 10 to 10 W/cm, the melt-front travels extremely fastsand the
process is quasi-adiabatic (no heat loss by conduction). The melt-front

speed is, in practice, limited not by power density but by fluid-flow

processes. The melt must flow out of the beam path or it will be

removed by vaporization. Ultimately, in the worst possible case, if all
material has to be removed by vaporization, the cutting rate will be

determined by the speed of the vapor-front. This is not as bad as it

sounds, because the beam spot and vapor channel in which the beam travels

is less than .3 cm wide. Hence, the higher specific energy requirement

of vaporization is offset by the narrowness of the cut and the total
energy per unit kerf length remains low; the electron beam represents

a "thin sawblade".

1} With the electron beam we need no mechanical force to make
a melt cut; there is not even physical contact between the machine and

the rock. The energy coupling into the rock is between 70% and 90%
efficient and the amount of energy deliverable to the rock is not

limited by heat conduction of rock or tool as, for instance, in the

"case of flame or infra-red radiation!

[1 The observed penetration rate of 3 focused 10 kW electron
beam Into rock is over I cm/sec. Higher power could be used to pierce
even faster or to cut a longer slot. This is certainly the fastest process

known to sever the coherence of rock in a controlled wa.y The task is

to utilize it without running into the natural limitations of the process.

The natural limitation of the process is determined by

"electron scattering, which diminishea the power density, and causes

the, cut to become wider and the piercing rate to slow down with depth.

"3-5It



A maximum depth where the above piercing rate applies is between 5 and

10 cm (depending upon beam voltage and total power). But by cutting

a double-kerf with a properly built electron gun the inherent process

efficiency can yet be utilized for cutting kerfs as deep as 20 to 30 m,

should this really be needed and make sense.

So far only a limited amount of experimentation and theoretical

-analysis has been done compared with these diversified aspects of the

electron beam as a cutting tool. Theoretical studies under this

contract are reported in Section 5,and tests made are reported in

Section 4.
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4. ELECTRON BEAM ROCK CUTTING TESTS

l In the following Section 4.1 the experimental observations

and results will be summarized which we had obtained in some earlier

laboratory tests. Thus certain comparisons can be made with the

recent contractual tests using the mobile field test equipment on a

16 ton block of granite which are reported in Section 4.3.

4.1 Earlier Laboratory Studies of the Electron Beam
Piercing, Melting, Spalling, and Cracking Processes*

4.1.0 General Comments

The use of the electron beam for cutting rocks depends

completely upon the availability of the non-vacuum electron gun with a

focussed, high-power -density beam. This machine has, fortunately,

seen a steady evolutionary development since the first model was
9built In 1950. Higher power machlines of this type were developed for

welding, and only after they had become available, could one appraise

(and take advantage of) the high power density feaLurus of the electron

"beam outside the vacuum, because certain aspects of the process

Sdep:.z.., upon total power, as well as ,n power density. For instance,

beam .#cattering ih lower thi hotter the gases and vapors in the beam

path; and with increased total power the work area becomes hotter, since

heat conduction and convecLion losses become ol. loss and less relative

importance.

With thte hligh-powur, atmospheric. elect ron gun available at

the Westinghouse Research Laboratories we began, in 1966, some studies

•.4

S: *

Not on contract funds.
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"of how it could be applied to large scale rock cutting, with best

advantage. The fact as such, namely, that small bodies of fragile

materials could be shattered by bombardment with the non-vacuum

focused electron beam had already been demonstrated with the above

mentioned very first machine.

It was obvious that the electron gun could not simply be

utilized as a substitute for other "heat-sources". Other people, 1

having only such a substitution in mind, and not being aware of the

focused non-vacuum electron gun, have therefore ruled out the use

of electron beams as "impractical". In addition, this erroneous
conclusion was also based on a lack of knowledge about the real nature

and the properties of electron beams, which we must use to our

advantage, instead of being confounded by them.

The following sections give an account of the earl ier

observations. Part, but not all of the material presented in the

following section has been publ.lshid.

4.1.1 Si�mle Observawtons

Placing various ro'.ks under the 150 kV, 9 !(W electron beam

-.11owed that the beam would melt a hole, or cut a slot when traversed

over the rock. Vapor would al so, form. A stand-off distance between

rock face and gun of 1/2 inch was safe; no damage to the gun would

occur, even when at times the molten rock would rise and stick to the

end plate of the gun. Sooner or later most of the specimens would

crack up under the thermal stresses; only concrete blocks would not

crack. (Itut later, with higher power, using larger blocks and longer

See also References 3 and 4.

4.1-2



piercing times, wt. fouvid that toe oVUILicroto wi.1 or cavk), Tho m i~l

of some rocks flowed like water, In othoer 0iW0i it Wta tilecky l4ko

pitch; in some cases there was hardly any meltt att till but only

j.• decomposition vapors and dust, e,g, Ln casm of l1mostone, HIuc aIways

(even in lilmest:one) a doep and narrow eavity or cuit wan formed, Some

rocks showed s-alling, even. at 6 inch distances from tho gun, notakbly

those with a high quartz content. These same typos would a1lso crack

very early when pierced, thus limiting thle depth of the piercing

cavity to about 2 inches before cracking occurred. (Of course, one

could continue piercing and drill deeper, even after the cracks had I
formed.) This indicated that somewhere thero were inherent scaling
laws which must. be watched. Placing some specimens under water, we

could demonstrate, as expected, that thle process is little, if any,

affected by the presence of water (tile underlying reasons are

discussed in Section 5.6). There was also a well-defined relationship

between cutting speed and depth. The process speed increased

proportional with increasing power.

It was always understood that at higher beam voltages the

electrons are scattered less by gases and vapors and would therefore

produce piercing holes or melt-cuts showing a yet greater depth-to-

width ratio. We could, unfortunately, not yet make any tests at

voltages above 160 kV, which is the limit of the presently available

power supplies. There was no point in making tests at lower voltages.

t
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Au ote would oxpact, an eo etron beam piercing hole g.ts

deeper tha longer the beam la applied, but one also has to expect a

finite limit hb•cause oft the scattoring of the electrons. Early

,observations showed that the holes stayed narrow (1/2 to 3/4 inch

diameter) over a considerable depth (2 to 4 Inch). They were sometimes

pointed at the bottom, sometimes round, as Fig. 4.1-1 shows. In a

coarse grAnite, (a) in Fig. 4,1-1, a black glassy melt formed and

dripped out. A sandstone (b) showed a point cavity with a glass-

lined wall which split. Another sandstone (c) showud a rounded cavity

with glass beads sticking to the wall. A grano-diorite formed a

glass--ltned chimney which broke away as a complete tube; this also
happened in the limestone of picture (a), but not in all limestones;

in the granite of picture (f) the o'avity-tube remained stuck.
L ,Quartzite always showed the "glass-tube" as for instance in Fig.

4.1-6. rT

At a later time we also obtained, through the courtesy of

the White Pine Copper Company, samples of a copper ore from Michigan,

S.a siliceous shale. Typical piercing cavities can be seen in Fig.

4.1-7. They are glass-lined, and the glass tube splits in half when

i. the rock cracks; most of the cavity material has flown out or been

vaporized. The same is true for the black gabbro of Fig. 4.1-4(b)

and Fig. 4.3-10. Two spectacular holes of 3.2" diameter and 8"

depth developed in a block of norite, a nickel ore from Sudbury,

Ontario, obtained through the courtesy of the International Nickel

Company of Canada. Fig. 4.1-14 to 18 show this block and the piercing

holes.

In an attempt to obtain a fuller understanding of the

" process, we analyzed the conditions necessary for obtaining a high

depth-to-width ratio, and the factors limiting the ultimate depth
of a cavity or melt cut. This analysis started from two different

6points of view. P. G. Klemens, of the Westinghouse Research

4.1-5
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Laboratories analyzed energy distribution aspects, showing a

critical power density threshold must be exceeded before deep pene-

tration could commence. The electron scattering and energy input

to the wall of the aavity, and the continuous reduction in the

central. beam power density were studied by D. C. Schubert.7,8 At

the time, we did not take systematic measurements of piercing depth

vs. time. Such measurements were made under the present contract,

in support of the theoretical studies, and are reported in Section

5.1. As will be discussed in Section 4.3.2, the "Sierra White"
granite differed in its response to piercing from what we had seen

so far.

4.1.3 Melt-Cut Depth vs. Speed

Piercing depth as function of time, and melt-cut depth as
6

function of speed are theoretically related, but in practice the

flow of the melt and similar factors dominate the process. Therefore,

the depth of a melt-cut as function of speed and power must be

experimentally determined. Not to be confused by the cracking of the

specimens, we took a block of concrete to determine depth as function

of speed for two power levels. Results are shown in Fig. 4.1-2 and

,. 3. The slower the cut, the deeper the melt-zone as one would expect.

However, the slower cut will also be wider, and more material is

melted per unit length of the cut, then the increase in depth alone

would indicate. A better measure for the efficiency is the cross-

sectional area which the electron beam "knife" cute out as a function

of time or of energy expended. Obviously, this cross-section is

given by the product of depth x speed, which is also shown in Fig.

4.1-3. It increases drastically with speed between 1 inch per minute

and 10 inch per minute; even up to 30 inch per minute it will increase

with speed although not as pronounced. Hence, it costs less energy

to make a 3 inch deep cut in 3 runs at 14 IPM each (effective speed

4.6 IPM) than in 1 run at 2 IPM, as we would need to do (curve for

4.1-6
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FIG. 4.l.-3 Relationship Between Power, Cutting Depth and Cutting
Speed for Pure Melt-Cuts in Concrete. The Cross Section
(Speed x Depth) is also Shown.
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9 kW of Fig. 4.1-3). The only question is, are 3 successive runs

strictly additive? This question is not fully answered as of today.

v iThe effect of multiple runs is certainly not additive if the debris

4 ] after each run remains trapped in the cut. It also depends on the

stand-off distance, and whether or not this can be or is adjusted

after each run. We have not had an opportunity to make systematic

tests; in Section 4.1.7 and 4.3.3 some relevant observations are

reported.

Figure 4.1-3 also shows that with twice the power, one

can cut equally deep at twice the speed. (At the same speed, one
cannot cut twice as deep, for reasons explained above.)

In other types of rock, a cutting depth of 2" resulted

rather consistently with a speed of 4 inch per minute and 9 kW of

power. The heat of melting being not very different for different

rocks, it does apparently not matter much whether the melt flows out

or remains in the cut, as long as only the beam moves into fresh,

solid rock and the debris does not flow into the beam, or block the

beam in other ways. Figure 4.1-4 shows other examples of such

melt-cuts. The associated breakage shall be discussed later.

4.1.4 Flow of the Molten Rock and Mani kilation of This Flow

It was evident from the very first observations that the

viscosity of the molten rock varied between wide limits, from a

plastic tackiness to a watery flow. An example for the tacky type

can be soon In Fig. 4.1-1(f) and 4.1-4(a) whereas the watery flow
is evident from Fig. 4.1-4(b) and Fig. 4.1-5.

Thts is actually nothing now; people experimenting with

flame-jet melting have observed this behavior of the different melts.

by 10S~The suggestion has been made by Margiloff1 to add fluxes to the

"' ~melt, like borax and soda in the form of a powder; this lowers the

., mcrng temperaturt, and can also increase the fluidity of the molt.

4.1-9
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i [I For the cutting speeds which we are considering this would be too slow

a process. 1L
F

We tried, but not very systematically, blowing away the melt

with an air jet. The jet-force must be considerable to overcome

1 i surface tension and inertial resistance; besides, it has a chilling

jets. They may, due to the quenching effect, break up the glass

which forms, and thereby permit easier removal. A simple test with

a water-overflow was made later and is recorded in Section 4.3.4.

Every such additional manipulation is a complication as far

as the practical operation is concerned. We should therefore examine

what is really needed. Actually, for effective cutting and piercing,

the only region which should be kept free of the melt is the narrow

path of the electron beam itself. This may be best accomplished by I
a gas jet concentric with the beam; no systematic tests have been

made.

It is also evident that a melt-cut made vertically upwards

will leave the melt below and will continuously expose new rock to

the beam; not so in a cut made vertically downwards. On the other

hand, we did, surprisingly, not find much difference in the effective-

ness of downwards and horizontal piercing (see Section 4.1.7); but

more systematic experiments would be desirable.

4,1.5 Thermal Stresses and Stress-Cracking--Observations

Differential thermal expansion due to temperature differences

take place in all types of rock when pierced by the ele.ctron beam, and

since all rocks are brittle, all will sooner or later break. In rocks

containing quartz, an additional effect producing high stresses is

the well-known phase transition which occurs at 5730C and which is
associated with a 1% increase in volume. Hence, rocks containing

quartz break particularly easily, as already our first observations

4.1-1l



FIG. 4.1-5

Silt-Stone (White Pine Copper Ore)
Being Pierced by a Horizontal
Electron Beam Shows the Watery
Flow of the Melt from the Piercing
Hole.

showed. Figure 4.1-6 is a particularly striking example. All the

specimens shown in Fig. 4.1.-I and 4.1-4 show cracking, except that

the breakage in the- graniite of Fig. 4.1-4a is localized. But then, a

second melt-cut made over the same track produced a crack splitting

the whole blo-"k.

The fastest responae we obtained when piercing the copper

ore, shown in Fig. 4.1-4c and Fig. 4.1-7. Apart from having a

silicous hond, thi~i shale contains a large amount of water, which

4. could be observed immediately after a crack had formed. The cracked

surfaces showed large~ patches of moisture, for example, the black

area on the righit hand face in Fig. 4.1-7. Stich spots dried up in

4.1--12
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! i10 to 20 seconds. The water in some places was steaming. Obviously,

the water vapor pressure aids to the cracking.

I1 Two more of the early observations must be mentioned. In

layered rock, the silt-stone for instance, a piercing shot perpendi-

cular to the layers would lift-off, in a kind of ablative mode,

layers as thick as the piercing cavity was deep, e.g., 2 to 4 inches.

Figure 4.1-8 is an example. This mode should work in the same way

I• even on a semi-infinite rock face, when the pier-ing holes are spaced

12 to 24 inches apart.

4 -
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Fi.4.- Cperoeblock 
of 127 lbs pierced twice, 

first for

30 see, then for 20 sec under 
a 15 kW beam.
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SThe other observation concerns t heI breakage asso.c ia ted with

a 11c I t-cut ; namel I Y, the fact that .i t can be surpr issi ngly smooth and

stra iglt Figure 4. 1-9 is an exampl.e; it shows the same block of

black gabbro as Fig,. 4.1.-41). This smoo th breakage is obviousl.y partly

the result of the symmetry of the thermal. stresses. Note a IIso that

the block of Fig. 4.1--7 broke along a sturface contai iting both pier cing

cavities. But the collective effect of several piLerCeing holes has

not been studied further.

lW 4 . L-9 Ok aloim B lack (ibbro Crac kd in a Singli

with a 15 kW &,am l'1ravel iIng 4"/M in.

*1 I
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14.2 Eupotand Set-U~p for ilTati

A dotscription of th rouck uuUtor l' oiumi gut, whiflh wani

built on Westintghouse f knds, has a1rmady hoon promentud Ulsewharu,

To understand what. wý,i duno during (ho zic tma rock cut ti ng

tests, 'it is sufficient to doscribo hure thto uquipmutnt atid mutup "aN

it looks from the outside". This is indood till tho tiaur or upt~raor

it "Fighrer;F 4 .2-3. Shows dt~ie Olsrl 9111 111 Won Itol cabinet. *

dntesito of-xe cariae. Tilxe cuntiarolt cbio b411 fo und in 010n x

backgrundc4. 2 F4gurew 4.2-2 gis another viw A' n s comparedL with .h

posti A sensors h ayve bee fdod to Le Long tesit.gu c olumnhwn kin ig

4.2-5, and Fig.. 4.2-6 shows at scale drawing of tile ta-plant test sitt

at Sunnyvale, where the tests described fn Section 4.3 were made.

This was an existing, radiation proof enclosure in the factory yard;,

it was previously used for gaumma-ray radiography of' heavy sections

of machinery. A view o.( this fo'cility from thle OUtLdde Is provided

in Fig. 4.2-7. The entrance and operator's st~ation ia shown in

Fig. 4.2-8 and 4.2--9.

Mining Congress Journal, June 1972.
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1.C G 4 .2VeofthIron t on on i L? gu n f ro abho ve. The f'oremost
'we I ion Is a removable and( rep!C011I Sceabi ecprsht.shrou0(d
W 1 h1 11o 1 Ybrlenitw1 W( 1 1ac plate. I[le Ilarge rec u anguIa r box
Se OC ion Is ai .1 ead Sh I el Id on anl ;1ug 1 ron j'am uii k Wl ~ i I s
NItlurd. v enough to pO r)ot et agazutwt 1n . I I ag rock , et(0. '110
vitewing opt les f'or Ike beam positi!on sonsors are under-
nea-It I i t e loead shrotud, but the phtoktube sensors are
l ocate [ L n the two cubical boxes; on tot), Whiclh have no t
ye~ been1 NbI rtmd ed (ml I:is I ng in i~gii re 4 . 2- 1)
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FIG. 4.2-3 Control cabinet for the electron gun. The left hand side
holds: 3 vacuum gage read-outs, 3 timers, 5 temperature
indicators and interlocks from the thermocouples attached
to the gun nozzles, and the magnetic lens and deflection
coil controls. On the right, the 9 identical meters show
primary voltage and current into each of the three power
supplies, and d.co current drawn from each supply. The
3 large meters shown d.c. high voltage, cathode emission
curtent, and transmitted current if the gun fires into a
catcher; (if it fires into a rock, it runs "blind"). The
two medium size meters show cathode input (heater) voltage
and current.
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Fig. 4. Electron gun mounted on the 5-axes carriage(itile HIt'I1(1

4.2-5
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Owg. 619,4A33

Main building for 2 MeV
Van de Graaff Generator

'i I/Z ,,/ /
S, #z///// .

VISITORS

SKY-SHINE PERISCOPES
LEAD SHIELD

BLCK /L

BEAMS TO ./
SUPPORT LEAD.
PANELS- - - - - -

// .-//
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OPERATORS '.4
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COT POWER

VIEWINGCONT, M~AI N /
VIWN CR. PUMP
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EXISTING LEAD DOOR GEN. GEN.
(SLIDING DOOR)

h FIG. 4.2-6 In-plant test site at Sunnyvale; to scale.
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Fig. 4.2-10 Gun ready for action; the hinged lead panel E and the sky-
shine-shields S intercept all primary x-rays coming from
the -!utting area.

In this situation, where the work area is open on top, it

is necessary to block the direct x-rays frc:.i the target area by a lead

panel which is hanging on the gun, as shown in Fig. 4.2-10, and by a

sky-shine-shield consisting of an overhead lead panel and two side

panels, all visible in Fip 4.2-4 and 4.2-10. The suspension of

the sky-shine-shield from uvc'rhead is shown in Fig. 4.2-11 whereas

Fig. 4.2-12 shows how the test L m a 6 ft. cubc of granite,

F can yet be turned by lifting i. wi.h an rverhead cr'ne, (Motorized

crane driving up to the outside of the radiation enclosure).

To see the ele trjn beam in action, it is necessary to have

some simple mirror-periscopes to look over or around the x-ray shield.

"One such periscope is shown in Fig. 4.2-7. The very same type was

provided at the operator's station. Fig. 4.2-13 shows what the

operator can see through this device. Figure 4.2-14 shows the

observation mirrors on the loft of the x-ray shield.

4.2-10

RMi-55464



Fig. 4.2-11 Suspension of sky-shjijne-,;hield.

Fig. 4.2-12 The granftu Hock Is tillrin-( 90)" Lo HLaVL working
on tile stecold facc..



A telescope/periscope was projecting through a hole in the

lead door, Fig. 4.2-15. It was not necessary to close this port with

lead glass.

The 16 mm movie camera, used to record some of the tests,

was housed in a lead box with a hole for the objective, and a mirror

to bend the viewing direction by 90'. This was always sufficient to

prevent x-ray exposure of the film. Figure 4.2-16 shows this camera.

MIRROR ABOVE GUN MUZZLE SEEN FROM ABOVE
THE ROCK

LEAD SHIELD.
, OF ELECTRON

GUN~ COLUMN

I~ -w

LEAD SHIELD MIRROR ABOVE

ON LEFT SIDE OPERATOR'S STAND
OF ROCK

FIG. 4.2-13 Operator's view of gun and work area through overhead
mirror periscope. The lead panel E of Figure 4.2-10
has been removed,

4.2-12
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Cutting action as seen by operator through the overhead periscope and
the mirror above the rock. This mirror was quickly covered by dust
and became unusable.

Movie light fr

Upper Mirror -

Movie Camera in l -

!.v.1(d Box witrh
Mirror

L~ower Mirror . ..

] M lr rort3• to

S~observe and
Pho togra•p h .

cutting process
behind the lead

FIG. 4.2-14
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Fig. 4.2-15 Top: mirror with viewing port of the lead door, and
telescopic periscope projecting through a ho-le in the
lead door. Bottom: lead door from the outside.
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AFig. 4.2-16

Oo'4h1tj on ih

A SLR camera, frame size 18 36 mm, could be held ougainat

the eyepiece of the telescope/periscupe shown in Fig. 4.2-15. It

would record nearly the full field of view but not all details an

observer could see, because of the limited quality of the mirrors

which were used, and some vibration which was always present. The

extreme brightness of the cutting area posed additional problems for

the photography.

For future tests, a closed circuit TV-system should '4

acquired, which can be coupled to the moving gun.

Fig. 4.2-17 and 4.2-18 ohow what the operator could see

~1 ~ through the telescope, which was, in fact, every detail of the cutting

process. The photographs, for reasons already mentioned, did not

always come out as well.

4.2-15
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4.3 Firat . a• StoleTests un Semi-Infinite Rock 'ace

4.3.0 Gonoral Comments
The tests described in this section are not yet "field

tests." Originally, they were meant to check out the machinery prior

to going into the field. This was indeed accomplished and is reported

in detail in Section 6,

,rhm. test Hpalimed which was used in these tests was a 6 fto

cube of granite, larger than any test specimen which we had used before.
In many respets 1Aalready represented a seiiifnt okfc o

the beam, especially for the initial attack on such a face. We could

even record collective effects, due to sequential piercing and cutting

actions, clearly independent of specimen size. Yet such collective
'V] effects could not be tested on a large enough scale, because the limited

size of the block precluded any cutting-out of ledges etc. of large

enough size to take deliberate advantage of bulk effects and study the

best stvategy for large scale breakage. Some bulk effects were

however, clearly demonstrated by large-scale cracking toward the edges

of the 6 ft. cube.

It was unfortunate that this was the only big test specimen

we had, because it was not a particular hard rock (only 20,000 psi),

did not show particularly good stress propagation (it crumbled), and

did not form a free flowing glassy melt. In short, it was not a type of

rock which responded most favorably to the electron beam piercing and

cracking process. It is all the more remarkable that the test pr, ed

the efficacy of the e.b. process under even those circumstances. .here

were indications that tests on a larger scale, on a larger rock _ss,

would have shown additional efficiency; in other words, the most

favorable scaling relationships between, for instance, power input and

breakage size have not yet been met in the present tests.

In the following the tests which we made are described not

necessarily in chronological sequence, because initially we had to "get

4.3-1
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the feel of things," before any more systematic experiments, could be

planned. We also had to face the fact of very limited funds available

for testing, and we wanted to do as many different tests as possible in a
short time. In the following description everything about a particular

kind of test is brought together in one sub-section, although the

reported experiments were not necessarily done consecutively.

4.3.1 Granite Block Test Specimen

The granite block on which the following tests were made is

called "Sierra White Granite", and it came from the same quarry at

which later the field tests were to be made; details are discussed in

Appendix B. Figure B-3 shows the site.

The following are data obtained from various sources which

characterize this granite. The data of Tables 4.3-1 and II were

supplied by the Raymond Granite Co. The results of another set of tests,

made by The Robbins Company are given in Table 4.3-111. There is a

significant difference in the compressive strength measured by Raymond

and by Robbins. The latter was aware of the data given by Raymond. The

discrepancy may be due to a difference in the origin of the specimens or

due to other factors. We did not ascertain which set of data more

closely applies to the 6 ft. cube on which we made our tests.

Remarkable also is the considerable weakening of the com-

pressive strength due to water, as revealed by the Raymond data. That

this can occur is known, but apparently not fully understood.29

Another factor which may have much to do with the crumbling

of the rock under heat (rather than melting) is the high content of CaO

and K20 in the analysis. Table 4.3-I\'shows some decomposition temp-

eratures for CaCO etc. which are of interest in this connection.
3

From thin sections we obtained the mineral analysis of the
"Sierra White," and other samples which we used later, as shown in
Table 4.3-V.

Page 4.3-82.
4.3-2
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The test block was an accurately sawed cube, fine grained,

and uniform in the appearance of all its faces.

4.3.2 Reaction to Piercing

(a) Sierra White Granite

L: ! When the electron gun and the 6 ft. cube of granite were in
position, and before any systematic test program could be formalized,

we had to find out how this particular type of granite would behave

under the electron beam, beginning with some piercing tests. The gun

Swas positioned stationary in front of the fresh face of the granite

"block with .8" stand-off distance as shown in Fig. 4.3-1. A 16 kW beam

was fired into the rock for a period of 6 minutes. As expected, the

melt from this granite did not flow freely but accumulated between rock I
face and gun as shown. When the gun was removed, the melt and re-solid-

ified material did not readily fall off but had to be broken out. The

final hole which was left is shown in the same figure. The spontaneous

breakage was minimal, only a surface layer of about 1/2" thickness

lifted off on the base of that piercing hole. The piercing cavity as

such was almost as wide as it was deep, namely, in e:ach case aboutH(
3", which was thought quite unusual. AnoLher peculiarity we noted was

that the piercing cavity was hollow in an upward direction showing a

cave or dome above the beam. The explanation for this we founu only

later.

We also noted that the walls of the piercing cavity were

covered by a fine powdery dust, as we had found in laboratory experiments

piercing limestone. (See Fig. 4.1-le). Perhaps the rather high calciumAU content of this particular granite is responsible for it; but this is

mere speculation. It was significant that the glassy melt, at least

V after it had resolidified, did not stick to and perhaps never had good

contact with the walls of the cavity; and there were no fine local cracks
in the wall of this cavity either. This was certainly different from

what we have seen in other types of rock, even in some other types of

granite.

4.3-3
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Lab. No . 70651
Hark. ....................................... "Raymond"

Texture...................Even

Grain.......................................Fine
Color.......................................Grayish White
Pyriten .. ................................Extremely small amount
Classification. .. ........................Muscovite-biotite granite
Weathering. .. ............................Probably very resistant

CHEM4ICAL ANALYSIS

Silica (SiO). ............................. 73.92%
Alumina (A12 0 . . . .. .... .. .14.90%

Ferric oxide '(Fe 2 O 0
Ferrous oxide (FeO5 ... .. ..1.95%
Titania (Ti 2 ) .. ................ ......... 0.14%
Manganese (MnO). .. ................ ....... 0.24%
Lime (CaO)..................3.28%
Magnesia (Mg0) .. ................ ......... 0.68%
Combined water...0)............. ........... 0.32%
Soda (Na2O0)............

4 ~Potash (K 0) .. ......... .......... 4.51%A

PHYSICAL PROPERTIES

Specific Gravity................2.64
+ ~~Bulk Density (ASTM C97-47)...........164.8 lb./ft.3

Abso'rption (ASTM C97-74). .................. 0.27%
Compressive Strength, Dry (ASTM C170-50) . 34,800 psi
Compressive Strength, Wet (ASTM C170-50) . 26,000 psi
Modulus of Rupture, Dry (ASTM C99-52). . , 2050 psi II-

Table 4.3-I: PROPERTIES OF SIERR~A WHITE GRANITE

as detccmined by Raymond Granite Comilany.Raymond, California 93653

4.3-4
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LABORATORY NO. 6-5351

IDENTIFPICATION: Sierra White

BULK DENSITY: (ASTM C 97-47)

Type of Specimens: 2" x 2" x 2" cubes
Sample Number: 1 2 3
Bulk Specific Gravity: 2.64 2.65 2.64
Bulk Density (PCF): 164.6 165.2 164.6
Average Bulk Density (PCF) 164.8

ABSORPTION: (ASTM 097-47)

Type of Specimens: 2" x 2" x 2" cubes
Sample Number: 1 2 3
Absorption (X): 0.27 0.27 0.26
Average Absorption (%): 0.27

.v I

COMPRESSIVE STRENGTH: (ASTM 0170-50)

Type of Specimens: 2" x 2" x 2" cubes
Condition of Specimens: Oven Dry
Sample Number: 1 2 3
Compressive Strength (psi): 36,600 35,600 32,200
Average Compressive Strength (psi): 34,800

COMPRESSIVE STRENGTH: (ASTM 0170-50)

Type of Specimens: 2" x 2" x 2" cubes

Condition at Test: Immersed in water 48 hours
Sample Number: 1 2 3
Compressive Strength (psi) 23,500 27,400 27,200
Average Compressive Strength (psi) 26,000

MODULUS OF RUPTURE: (ASTM 099-52)

Type of Specimens: Approximate 4" x 8" x 2-1/4" prism
Condition at Test: Oven Dry
Span Length: 7 inches
Sample Number: 1 2 3
Modulus of Rupture (psi): 2060 2160 1920
Average Modulus of Rupture (psi)t 2050

i'i i
Table 4.3-I1: Details of testa by the Raymond Granite

Company

1gm 4.3-5
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Robbins
Identification
Number 671 DATE: Aug. 13, 1971

Location or
Source of Rock United States, California, Raymond

4Company Submitting
Rock Westinghouse (Raymond Granite Company)

Rock Petrology Sierra White Granite / Muscovite-Biotite Granite

'Specimen Bedding Specimen Ultimate Ultimate

Identification Orientation Dia. Length Load Compression
to Specimen (in.) (in.) (lbs.) Strength
Longitudinal (psi)
\ Axis

0

671 -1 150 1.1 2.16 11,000 11,600

-2 10 1,1 2.16 18,000 19,000

-3 10 1.1 2.13 12,000 12,700

-4 15 1.1 2.24 16,500 17,400

-5 30 1.1 2.28 17,000 17,900

-6 30 1.1 2.18 15,000 15,800

-7 20 1.1 2.14 15,500 16,300

-8 20 1.1 2.23 21,500 22,600

-9 20 2.03 3.97 51.5 17,100

Abrasive Index: 3.7

Cutability/Wearability Index: Normal to Difficult/Moderate to High

Estimated Penetration Rate: ---

Comments: t Principal Fractur Path-

Table 4.3-I11 Properties as determined by The Robbins Company,
650 So. Orcas Street, Seattle, Washington 98108
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Sierra White Granite

Felspars (Soda and Potash) 55-60%
Quartz 30-35%
Micas (biotite and muscovite) % 10%

Red Granite Sample

Microcline felspar nu 60%
Quartz 33%

• •Biotite 5 5%

Dark opaque " 2%

g Felspar (plagioclase ý, 50%ortho-and microcline " 20%)

total " 70%

B~otite and altered ferro-magnesia
minerals ' 20%

Dark opaque " 5%

Table 4.3-V: Mineral Composition of Test Samples
(Estimates from thin sections, made at the
Westinghouse Research Laboratories).

As mentioned before, to get any efficiency in this thermal

stress cracking mode, one has to watch certain scaling parameters which

depend upon the properties of the particular rock. We therefore

increased the piercing time, firing the beam into a second spot about

6" away from the first piercing cavity but appearing still fresh and

unaffected by the previous shot. Piercing time was 5 minutes.

Inm•ediatly after switching off the beam we pulled back the gun and the

"still molten and partly resolidified rock which stuck to the end plate

of the electron Sun was pulled out of the hole as shown in Fig. 4.3-2.

q •The red hot rock, still being plastic, was partly pulled apart and the

volume and size of the parts whikh were extracted appear larger than

the cavity.

4.3-7
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4.4

First piercing test on the "Sierra White" gran1 Ic block, Thuc me I t showti
extreme tackiness; with the cavity being wider at I w hotL t om ic e
solidified melt must be broken out by forco. Only SIMHiI So LU-cSs craicks
have developed.

Fig. 4.3-1
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One can see from Figs. 4.3-2 that the hot melt has accumulated

at the bottom and there is a hollow cavity abovw the plane of the beam.

The cavity left in the rock again showed the hollow dome towards the top.
j!

Because of the longer piercing time the cavity, as one

would expect, was deeper namely, 5" at its deepest point. This was

surprisingly shallow for the piercing time which we had applied

here. In other rocks, like norite, we have produced cavities of 6.5"

in depth and more, with this power input. It was also surprising, that

although the two piercing cavities were close, there was no breakage

in the wall which was left standing between them and which had a

thickness of about 1-1/2".

A third cavity was pierced, once more 6" from the second

one, but near the first one. After 4 1/2 minutes of piercing the

debris was removed.

The depth obtained in this piercing shot was only 3.7" which

was again surprisingly shallow. The dome on top of the actual beam

axis was again very pronounced.

While surface breakiiig seemed minimal, we noticed by knocking

at the rock face with a hamnmer, chat a large hollow area existed. Pry-

ing loose whatever was hollow r,:;ulttod In the breakage pattern shown in

Fig. 4.3-3. Obviously the thermal stresses had lifted a slab of about

1-1/2 ft. in diameter, but only about 1/2" thick. There were scaling

laws at work, but it was not obvious what the significant factors were.

L" In some further piercing tests we found always the same behavior, When

the melt was left in the cavity, to cool, and then pulled out, it had

U typically the appearance shown in Fig. 4.3-4, where the photograph on

top represents a plan-view of the re-solidIfied melt, and the drawing

below is a side-view cross section throigh the cavity. That part of

the mass which is labeled "conglomerate" did not look as if it. has been

really melted, only the glassy top surface looked like a solidified

melt. Insofar as the electron gun blocked the flow, the hot vapors which

"4"No-1



I'll "Z

Dus

Ch~2e

Beam Chane

Glas

/ /

Fig. 4.374
4.3-1

"<'-A'- 5 5
4ý a"



i l f Lhwill (Imo l '4 p aI vo o A d I a IIl

l.I'M WtiO tI ho p1)3tor 11 k~~ d~v I I w'~horI, LI At t or~
010 JAL11 WAR W1t01drawi. Ilia~v tu'iy 14 hol low
Ot top , On Clio hot t om 1, a poolo vl~aou
14ijuid i'ový'I atil III h ingi~, WhicŽh w0ll
NuIldtfy into Agada

4.3-13



We Ii; ~ ~ uid~ .d 0 ' 1k1410 y 'ki4 o lilt ki ppol v41I 3IIAO. kil Ii p h j'

lg~A a 14la thi to Ovilioli . t -i# il tit bntol pictll' o ~ INII 1 '

01 41 U ' 4M (I~ ~I I, lo fA I 4 k I" tom I f ki I vIVaom t I4 I4 It II II4i W % I im o I4kill

tokni Wili I wI~~hinnih i tho bh*uil 41tal ho 1 I to 01 c'stvi A t Owhi oiiAr

kit 4110 fit411 h~Itikd IA A

Tho li plallt~im for Lit llo ttit uIan L-1 pirivvi li 0 il

Ito4 1, 1. tOkI v itui low 401411lt-W41 *'t vI iAtto mid 010 liottwi LIOO d~Ill uiik

4'ot I iivilmol p~o~wo tilm -a W~ onllis, (mti U Ilml l ato~v Ali vmlo~cLtion

with (t 1,41w11 ~I&aton u 44 dowoIbht ill 800kia 411a4 Wh.d 1400111# Ito

happoilu 1k ft-)t O u I Thoboml ptui4lIC I'4 ta to it depLth ot .3 to 4 timwh

t ~ ~ t 1%it~ill Al~tn ki vidAp.art4edt-t .tut~ a% yotI vatith~u' nadt-w Olkanww ( I tit 1.-11P

ti4 Ild '11 ti o )I I 'mi ( voi14 471114 kill NOA1~ 1:1 ovotl 1' 1001c I'OONt aall'. I'.I( tait 1104t. 1,044011

tilt' WalIN IA lld v~pok' illya a1W Ott Wi t ' I tho 0tla41mltt -~ iltt IlloV t 1 puckl i ar

li1l1iva 'thi I .)44 rokI0 ol~leio InVto0 ) pa, - It roo boil ( aIa to uptA 1.

altld tilt)o 4 ako-*4 I Ill I lowu . So'io i l3 p I I I ig4 I 1 aikt34 cvoit t0 lit! pal Iii of v 11w

o 10k L rim b~alf t Aii i gud t4 til L to l I 111 4 kii tt Lo n' t h10 110411 Ov011 1101L I O Wýk

L lici WA I I N Iantd It jimohm title jgy Whi 01 l OLt 110ri atit W itO 10 have 1A.illu t 0, Itoi4

I . tI U4, t 1 4 acti kit\ Ito va~ y 01101 41154, 111 WnA t 14 0 ,It Whi Oh dOul I4 t g t  IIP I t 0 d
lhkt dtitup Iy drop tinl 01 tihitiz~ilig M j O IL aL tho ho bt~o 01tt lit od. 'V.4ty, fo

what wa,4 cal lod L110 ~~1~of~'1t ' 140 hoioi tVi .1 I8' thsaeolaMv I s ?palli.

isa tile uo p allnot. %In I IV tt ho format Itn (if t tiw "tdoIllit' ot tit cavra y . t' 4ar

Tile upti I I i~ vi md cumuhln Ii t of t hi a rock unido m the hca talud

plikirlini a Chmcal docuvlwpuN t Wi ot' PiULW Loa lue t itnj it I at) d~pli Ila Whly

tile pareinit ho0t ha wI-0 lievia tilled with glatia, and Why the. IaafJlidifled

mol* t nov$4' "Luck to tile sot Id rock bill that theret' waIs a powdory itlterfuce.

tho walls~ of all hoiou and ("favit~iolt were always Covomud with at ffin whit.,

dIUat (Lila later Fig 4,3-51 whows this particularly wall),

F~rom thu clumcript.ion (it Lila p~urcing procann 41 is obvious

thadt 0101*0 CAnnOt be a part ticolam .y g~ood f low of' hoat. fU tio t:~ cvity

Into Litt) sol id rock. arlil woutld expliail whly wt) did noLt aeo Lhtlu lucul

4. 3-14



Ivii

44"

Top 1t let. and right: Ax longer piercing shot 1111 led to thierma1 aitress
crac~kilig bottom. thv ser1.us of piercing holes after the breakage and
debris~ has been removed.

Fig. 4.3-6
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breakage which we had found for instance on the granite shown in

Fig. 4.1-3a.

In order to make sure that what we had observe"A was due to

I. ithe behavior of the rock and not to perhaps difference ::i 'the electron

beam, i.e. difference in power density, we decided t( .•: a quick series

of short time piercing test in the Sierra White graniL -nd in some

other types of rock which had behaved differently in the past.

Fig. 4.3-6 shows a series of piercing holes in the Sierra white made
with increasing time. The depths of these holes as a function of time

is given in the graph of Fig. 4.3-14., The initial piercing rate was

nearly as good as expected. If early in the piercing the power input

was stopped, and the gun withdrawn, one could withdraw a melt core

which showed a fair depth-to-width ratio. An example is shown in
SFig. 4.3-7. Wideni[ng of the cavity to nearly hemispherical shape or

even higher than it was wide would begin only later. This raised the

question of scaling laws once more. It was thought that one perhaps
should keep the piercing short but apply multiple piercing shots in

a closed spaced row. Such a row of holes is shown in Fig. 4.3-8 but

they cid not produce any collective kind of cracking.

I

(b) Other Types of Rock

To ascertain once more !hat the electron beam was not any

different than in earlier tests, we included other types of rock in

this present series, Fig,. 4.3--9 shows a piercing hole in a quartzite

plate. It is narrow and deep just as e:-.pected, hence showing that the

behavior of the electron beam was not different from what we had seen

before. Fig. 4.3-10 shows a series of piercing holes made in a black

gabbro which we acquired from a local monumient shop (origin unknown)*.

I *Later analysis showed it to be rather a diorite/monzonite; see Table 4.3-V.
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In a plate of quartzite, 1" thick, a short piercing shot produces a
needle thin hole of .1" diameter, but nevertheless a crack as well.
Note the lighter colored area above the hole; this is a white dust of
silica on the otherwise yellowish plate.

Fig. 4.3-8

Row of piercing holes in the "Sierra White" granite does not produce any
"collective" cracks.

Fig. 4.3-9
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Fig. 4.3-10
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Shape of the piercing cavities in the black gabbro of the previous
picture.

Fig.4.3-11

Glass-lined piercing hole in a boulder of quartz breccia.

Fig. 4.3-12
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The melt flowed freely as we had observed before on this type of rock.

The piercing holes were deep and narrow and led to stress cracking, as

expected. Fig. 4.3-11 shows the shape of the holes and the fact that

the glossy melt stuck to the wall and split when the block split.

The glass lined piercing hole which was obtained in a quartz-

breccia is shown in Fig. 4.3-12. In Fig. 4.3-13 we show piercing holes

made in a red granite which was also obtained locally. In this case the

melt did not flow quite freely but stuck to the gun, as also shown in

•1

P..

SFig. 4.3-13 M

For comparison a slab of a red granite was pierced; on top: a short shot
leaves a clean hole; below: longer piercing leads to cracking and debris
will stick to the gun.
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Fig. 4.3-14 Measured growth of cavity with time for several types of

rock, from tests made with the horizontal beam of the elec-

tron beam rock cutter piercing into the body of the sample.

(Beam power 15.9 kW @ 156 keV; standoff, 1/2 in.) The white

Raymond granite falls consistently short of the theoretical
curve (see Section 5) being a factor of 2 lower than predicted
at 64 sec. The gabbro also tends to be somewhat below the

curve but is still in agreement with the theory at the 64 sec
point. The red granite performs as well as the gabbro for

at least as long as 15 sec.

the photograph. Nevertheless piercing holes showed a large depth-to-

width ratio and a glass lined wall.
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1 prvo A comparison of all these results with the theory which was

previously developed is shown in the graph of Fig. 4.3-14. The behavior

of th' Sierra White granite shows similarities to the behavior of the

calcaceous sandstone of Fig. 5-3.

(c) Discussion

Again the question of optimum strategy and scaling laws

"arises. One may think of somehow taking full advantage only of the

initial rapid piercing rate. In the last analysis this would lead one

to the spall-cut mode of cutting. Before

rendering any judgment we should, however, look at the radically

different approach of simply highter energy input either from much

longer piercing times or from a higher power beam. Some remarkable

results with longer piercing are discussed in Section 4.3.4. in

connection with this approach ou dumping more power into one spot one

Ii can argue that the details of the power input don't matter, if only

enough power (on a large enough scale) is quickly enough poured into

a volume of solid- rock, so as to produce differential thermal expansions.

If this heat source is located as a "cavity" eight inches below the
surface and an energy f Mx of 16 oW or moro can be maintained, we have

very favorable conditions, whether the cavity is 4" or 8" in diameter

does not matter as much, although the highest depth to width ratio is

still something one should aim for. Going to higher beam power via

higher voltage would be a first step in this direction, as Fig. 5-6

clearly suggests.

4.3.3 Reaction of the Sierra White Granite to Melt-Cuts

Again we want to stress that the experiments reported in this

section were made to gain an initial understandIng nbout the interaction

of the electron beam with this particular rock, ail not to get very

accurate data about one or the other mode of interaction.
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(a) The first horizontal melt cut which was made with

the rather high speed of 48 IPM going from left to right is shown in

Fig. 4.3-15. The standoff distance varied from I" at tae left to 3/8"

at the right because the carriage for the electron gun and the face of

the rock were not quite parallel. With a beam power of 15.4 kW, a

melt depth of 1/2" was achieved. This is less than one might expect

from extrapolation of the curve of Fig. 4.1-3. However, these curves

refer to a smaller standoff of 1/2", and the density of the concrete

was lower than the density of the present test specimen.

Some additional cuts at similar speeds were made adjazent

to the first one, and also some multiple cuts going over the same trace

several times. The results are shown in Fig. 4.3-16. As we found to our

regret, the electron beam carriage did not traverse the gun smoothly

enough so as to get a cutting action at these high speeds which would

resemble those of some spall cuts once made in the laboratory. As a look

at the figure shows, the cuts show a raLher regular pattern of "stitching",

which came about by oscillations of the electron gun and/or an

irregular pull. of the chain drive. The pitch of the "stitches" which

one can see is identical to the pitch of the links of the chain drive.

We decided to give up further attempts at high speed melt or spall-

cut t ing.

(b) A slower cut with 2 IPM at a beam power of 16 kW and

a standoff distance of .7" produced a 2" deep triangular trench which is

shown in Fig. 4.3-17 after the debris had been removed. This figure

also shows how the standoff distance was measured and is recorded here,

namely from the rock face to the front plate of the gun, yet the beam

exit nozzle is another .1" behind this front plate. The beam is also
pinted 15- downward and does not penetrate the rock face perpendicularly.

This wa tLhe result of limiLtatLions in the carriage movement which did

not permit us to reach ,very one point on tUe test specimen and ke-p

the beam perpendicular to the face at the same time.

(c) The first attempt at a slow but deep horizontal melt-cut

is shown in Fig. 4.3-18. At a speed of 2 1IM, 16 kW beam power, and 3/4"

4. 3- 24
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Fig. 4.3-15 Fast melt cut in the "Sierra White" granite with 15.4 kW,
1" standoff at left, 3/8" at right, speed 4.8 IPM left to
right; melt-depth 1/2".

Fig. 4.3-16 Subsequent cuts at xsinilar speeds as the first one; also

mulitipl1e runs over thle same patl U top trace is, the same
as In the previous figure.
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Of I h4 p|1 1 ni'v Oh I iho I IiIII

iWluiI lii gun wo wit hdiawn fro I ho rook ravot~, nowis of h

diihV it buhttI ofil, nutI vm*'o mil hung from tho gioovo t; .ihe Nh lit

Fin hot i npih I .1hu aIn.hd e how UPh mhioquati IomIova I of Ch

W itllut changing l ho stnI d olI d la not tI of Itho gun•l n uwt

o iuinal rock fWcu, aI moooI cut wam mada with Ithol atwamo sput and '

powtt ovo Ci :ho o 1c .mid "Pgom~o, Tho I a in po in ti Wad 4M *~Ihtiff. toI

tho~ right oft ho hugluniiii of tho ortigtina gruo thotn, mlncu thu igia

wri le1 ¶ft on f or a pri'drortoi'm ud t iuu raIthor t han for t IOiovolling a

prIodoIori tI)II1Inid d i~ta"VU , t he Wu oud run 1~Ui hot Lhto ff.rtt gronove by a

I e.w InIcIIom, Ti)hIn ,4dvi Ott r lw. chac t~io comar 0p t hoii dv'pt If of o mub"'

st.cquuit cut wIith that; of C~ho firat vut., Wi Li Ldat'nica Loa aampfd'ter~im

and Lrnv•.'8lO spl,4 ,vd. TO'hc. r•sul t• arv mhown In l"tg, 4.301-0, lTho

add LlIonal I i,.It'-doptlm hiovod In thv second cut wuo 105". Thu dupthu

of the ovivurun (n uing1 C.UL WiLth .3/.." atandoll) was againii 2", as whown

In Fig. 4. J-21.

Several addito lona l. ruis undur slmtilar condition%, did no

produce any now remul tt, Wu uoXtirUd, Lhat just ON Iam to th'vame ot'

p Leprrlg, If the gun was wIlhdrawn at the right moment the malt would

Stick to It. Near t-h, teIrminati.on of tho cut tihe debr i• would Stttll bu

red hot; Fig. 4. 3-22 slhown a phiotograph which was taken through a red

fLIlL.r to enhance tihe ,d gl u. of thr Mil I tt ncandes;cont: melt. This

Inolten re k , o. e niot: dniunt g, '.%h e gunl Ini any1' W y.)y One1 ' CIln a(void ihe

nticking of the melt Lo the gun and let It si t in the melt-trwnch aG

also shown in Fig. 4.3-22. OQ course, the red hot debris may drop to

the floor, and If something there can be Igniced It may start a fEre;

some caution must ,, exercised.

(d) The appearance of the first face of the 6 ft, cube,

after these Initia.l tests is shown In F'g. 4.3-23. At this time we
decided to make soam" of rhe sys•tematic p e rcing tasts which were already
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reported in nection 4.3.2. The location wherel these piercing shots

were made ia shown Lh Fig. 4.3-23 by the letters A and B. Thereafter

we decided to make a melt: cut with multiple passes, and to thre.w much

more energy into the same l inear traettihan we had done before. The

approximate location for this experiment is shown by the letters CC

Lu Ffg. 4.3-23, The beam was on for 12 minutes when a crack occurred

breaking out a triangular prism which was later found to weigh 30 kg.

This break and the removal of. the debris is shown in Fig. 4.3-24.

The breakage ansoc.iated with this melt-cut is of course not

as informative as we would like it to be, since again the specimen size

is obviously a factor influencing the breakage. On the other hand, we

can see from the picture that the cracks did not run out to the right

and left until they reached the end of the 6 ft. cube. Hence this

breakage towards the top edge of the cube corresponds to a breakage which

we could expect il we had previously cut a ledge into a larger rock face.

Fig. 4.3-21 This is the depth
and profile of a single-pass melt-
cut with 16 kW and 3/4" standoff
(154 k.l beam), at 2 inches per
minute. It is actually the over--
run section of the double pass shown
in the previous figure.

4.3-31
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F 1i, 4. 3-22 Top. D eb r is Fram a horizontal. melt-cut sticks to the gun
when the gun is grefully withdrawn at the right moment; the last section
of the debris is still red-hot. as shown here in the left photograph mnade
through a red light filter. Bottom: Sticking of' the debris to the gun,~
was avoided aaid the red-hot lava is still hanging in the mnet-cut slot.
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Fig. 4.3--23 First face of the granite block after the initial
trials about its response to various modes of attack with the elec-
tron beam. A and B show the location of subsequent piercing holes
and C is the location of a subsequent melt-cut which led to the
breakage of a large triangular prism.

We will discuss tle breakage efficiency of this test and similar other

ones in context, later.

(e) Next in this series of cursory investigations of the

various modes of operation of the electron gun we run some vertical

micro-ctts at high speed. The vertical mode has the advantage that the

debris flows away from the beam impingement point, which is not the case

in the horizontal mode; besides we found that the vertical drive of the

electron gun itad a more uniform speed. We also decided to mount a

tangential air jet onto the front plate of the gun, to blow out the

debris from the melt-cut to the extent this was possible. The location

of this air jet nozzle can be seen in Fig. 4.3-25. The first cut which

is shown in Fig. 4.3-26 was made with 40 IPM at a standoff distance of
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Fig. 4.3-24 Breakage produced by a horizontal. melt-cut with a 15.9 kW
156 krV beam, at 1.5"t to 2" standoff distance, moving back
aind forth over a 21" long track for 12 minutes 45 sec at:
a speed of '38 1PM. Weight of debris 30 Kg. The black spot
on the fresh roc..k face is moi sture which must have come
from within the rock.
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1 inch, it is 8" lung. The depth which was achieved was .44" below

tthe original rock surface. Towards one side of the cut thermal stress

cracks are vtsible. The air jet has obviously blown out some of the

melt from the groove and it is hanging on the outside of the groove,

in part looking and feeling like rock wool. The cross section of this

slicing action, given by speed x depth, amounts to 17.6 sq.in./minute.

If we compare this figure with what we might extrapolate from

Fig. 4.1-3, we see that we have not achieved a particular good value.

The difference is of course that Fig. 4.1-3 refers to concrete with a

density of only 2.2 g/cm3 whereas the present granite has a density of

2.6 g/cm 3. We also had to use I" standoff distance here, whereas the

graph of Fig. 4.1-3 refers to a standoft distance of 1/2".

We tried to run similar traces with a lesser standoff

distance; but the carriage drive of the electron gun was so "soft" that

the smallest build-up of debris between the rock face and the gun would

stop the movement of the gun, at least for a moment until it could break

free again; thus it would produce a very irregular cutting action. No

real reason exists why the gun movement could not be forecful enough so

as to push the debris, which accumulates, out of the way. The difficulty

which we had in this respect is certainly not due to the electron gun

per se, buL to the response of the traversing mechanism which could not

be improved at the time.

1 It was of interest to compare the depths which could be

achieved by multiple cuts at high speed with the depths which could be

achieved with a single cut at slower speed. Making four vertical runs

at a speed of 20 IPM, a standoff distance of 1", which was kept constant,
and without removing any debris from the priur cut, wk achieved the

following successive values for the depths: .51" in the first pass, .79

to .87" in the second pass, 1.1" in the third pass, and 1.4" in the

fourth pass. The width after the completion of the four passes was 1",

although it is difficult to decide what is melt-width and what is local

thermal stress breakage. Fig. 4.3-27 shows the succesion of these four

cuts.
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Fig. 4-25 (above):

High speed melt-cut with auIxiliary air
jet for blowing out the debris.

Fig. 4-26 (left):

Result of the above cut; speed was
40 IPM at 15.5 kW 155 kV; depth of
melt-trace .44 inch below original
rock surface.

4.3- 16
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For comparison a similar melt-cut was now made with 1/4 of

the previous speed, namely 5 IPM, but with the same beam power,

standoff distance, and air jet. The total beam time tor the 8" long

cut was therefore the same as the total for the four consecutive cuts

made earlier, namely 1 min. 36 sec. The depth of this melt-trace was

1.25". Its width was of the same order, which means it was actually

wider than the width of the multi-pass cut, and not as deep. The

result of this experiment is shown in Fig. 4.3-28. ObvLousiy muitiple

cutting at higher speeds has advantages, as expected. Unfortunately,

the drive system of the gun, as it was, did not permit yet higher

speed cuts at closer standoff, so as to achieve a pure spall-cut mode.

Fig. 4.3-28 Singic-pass mu t-cut with the same total pwtr [up it as
in the M"l.ti-'ass cot Of the previo0us fIgure h deptil

r here is less; tho width of the breakage zone I s 1larger.
Cutting speed 5 IPM at1-5.5 kW.

4.-3-38
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At this time we decided to terminate the various e.:ieriments

which we had made on this first face of our granite sp.cimen and to

rotate the block through 90' in order to start L, series of more

systematic slow speed cutting tests on a fresh second face. Fig. 4.2-12

shows how the block was turned around with the help of an overhead

crane.

4.3.4 Thermal Stress Cracking and Cumulatve Effects

(a) The following tests were made on the second lace of the

granite block which had been turned by 900. One of the objectives was

to find out to what extent we would get cumulative effect from successive

cuts of a reasonab.le depth and with in a reasonable distance of one

another. For a start we decid(ed t--, cut a square, w it•h sides approximately

18" long, by iiiaking 4 stlow : clt cut:,, twu gL , ng verLical up, two

horizontal.

Cutting upwards tilte e%,<trun hl ,.' i I I ].:y hit fresh

solid rock, assum Ineg th,. mel t and tLi, -,ptlli,:ig p'j td ct will fall down.

The first vertical cut wajs made with th. ;iiir jet n, .le insta lled and

.i rth lfore withl a relativi'.I l 'ar st,u ,1kll !ii L.t nce )I I .25". Cutting

speed was set at L IPM; tlte beam pow,,r .•a.• 14.1 KU at 160 kV. The cut

proceeded smoothly lotr 6--1/2 ffll iklte.; b(t t L men so much debris had been

iccumulated between the roci, IJCC 11,1 0 the tullu that tle nozzle o" time gun

got hung up and did not move upwards an)more. ,%.- it turned out, the air

jet had not been tuilitvdonand bec,,i:;e of thet very soft, non-rigid mounting

of the gun the debris could not be pu.sh`ed aide. Fig, 4.3-29 gives tilt

operator's view of the cutt. t. mIg wili Ie in IIr )v ress antd shtIowsi thie accumulation
, of the d bris. Th,,, ;1U.1n WilS wi il r.o-im Lr i t,, re k jace and the mmelt

atid debt is tw;.,o broken out of tle groove. 1hV deJthLIP ,I t he melt zone was

found to be 4.8" and thl, width 2.5" wl.'iicl Iuel'udo-' .,o,. thermal stress

b rneakage. The apper1) nce of ailis c:,t 1 :I I iwl il in F1tg. 4. 3-30 label I ed

"First Section."
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3~rd 8KC1( TON
s'pal il~ig I rvo1%c fr'om 011tt

puIIlod back froiw the t'qeo

S R 1WA$11MN11dTONfl1

Re"Clidifted molt Cooot fallS'.: ,out bocuallo cut Is WI~lor in
tho depth than At th@ front

outst SECTION

Melt core removed by forc%

First vortical melt-cut into the new, second face of the 6 ft-cube of
granite. Starting at the bottom and traversing upward at a rate ot
1 inch per minute at a stand-off distance of 1 inch the first section
had to be stopped when debris blocked the further movement of the gun.
When this occurred again, some time after the second soction wus in
progress, the gun was pulled back, but the beam left on; the retease

from the blockage made the gun muzzle swing upward fast, which left a
shallow spall-trace. To complete the third section the gun was-
repositioned.

2j Fig.4.3-30
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rho Aun woo rop t-tonod at Oto atas doff diwtLit4t-e of

1"13" With tile boom tl"d 1 QIt ci0ownwardo, traversing4 ipeod aid bUam

powaer tho okmt 4w boI'oro, Afttr 4 mdinutoit 42 wovonind we tiotivd thalt tho

lu1tn #•n•iD wotuld not mttov any mo1"o probaibly bo(naum it wati agal"

ohAught by• tho dobro, inut wo %etvdotid to move tile tu•n baok mlight ly

6 whit• 0h1 boam woo golng. ThiLa MoVewwnt frood thie gui nouatl from thI

dobrlst but bucause of the soft rspi"'neu of the drive asotom the noulto

Kwun uplyarda by a few inch"n tile i*fioat it wax f(red; thia rapid

uiovomont did of course not produce the dosired mo lt-cut but prodtlced a

spal l,-ct which oail also be soon in Fig. 4,3-30 labelled "rhitrd Section,"

Wo had Lo *top the Suu and roposition It. Wo had also seen a warn•ng

light indicating a alight overheating of tlhe gun notalo, Lt proved

necomar"y to rosumv tih cutting at a slightly lower power of 13.6 kW.

Cutting spoud and stantdoff distanco were kapt thie ame and tihe third

section of this vortlcal cut was completed in 7 minutea, Rowovin$ the

oxternal dabrti revoaled the red hot core which was caught and held in

Lhi cutting groove as shown in Fig. 4.3-31a. Tie first part of this mutt

Kono, tha lowest part, was found to be 3,25" deep by I" wido; higher up

it became 3.5" deep and 1.5" wide; at the very top it was 2.6" deep.

We bel.oave these irregularities to be due to irregularities in the

travelling speed of the gun. The layered structure of the "tmolt"-cot4

is shown in Fig. 4.3-31b.

(b) After complting th.. f'1,rt vertical cut wo immudiataly

proceeded to make a horizontal cut to the right, with the same cutting

speed of 1 IPM, r standoff distance of 1.25", a beam pitch angle of 110

downwards, and a beam power of 13.1 kW at 160 kV. The result of this

cut is shown in Fig. 4.3-32. The photograph at the top right of this

figure shows that the melt zone is not very smooth; in fact the beam

was going for a total of 30 minutes but traversed only 21". At times

the gun muzzle was trapped and held stationary by the debris in which

case we moved the gun back from the rock face without stopping the beam,

just to free the gun muzzle and resume the movement. The width of the

melt zone varied from 2" to 4"; the depths from 1.9" to 2.75".
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Knocktii off the e terhna debthi
tnuiodtately after complotion of e
qctioll (if iho voettiv ut roveale

tho 1'vd-hot, r'@-solidl4fed te1lt In
(ho 1ow1 part of thla section to
whoro tho molton rock aeoped down,
Wtdvh or' tho cut im about 1 Inch
depth 3.5 (nch.

Fig. 4.3-31a (top) and b(left)

.%ig

Appearance of the "melt." The
layered structure is probably
due to spalling chips falling
into the melt without ever fully
melting themselves.
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"Hurlizuntal cut Is started where
vercl-cal cut ends (top Jett).
Spontaneous breakage Is cxxtensive
and includes a triangular wedge
toward tIle top edge of the grani te
1block (top right). Piecles are
"easily prlied loose (middle Ic lt)
and can be seen on the floor
(lower left picture).

.,-..•.'Flg,4 .3-32

3--449
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* • Although this horixontal cut was muro' than 12" from the

Y J upper edge of the granito block, the thermal strusaos causud br•akage

of a triangulir prism, as ene can 4ee in Fig. 4.3-32. it is not known

whon exactly tho crack occurred during the 30 minutes of buam rime.

3 (c) To join with the previous horizontal cut, we proceeded

to make the second vertical cut starting again at the bottom and moving

upward with a cutting speed of 1 IPM at a bea:i power of 13.1 kW, 160 kV.
Standoff distance was again 1.25" but the beam was directed downwards

F; •by a pitch angle of 16.5". This wao necessary to reach a low enough

starting point. This time no air jet was used, and the air jet nozzle

L •dismounted because it seemed to be a contributory cause for the blockage

* of the gun movement by the debcis. The beam ran for 26 minutes and

traversed a distance of 24 inches. The depth of the melt zone was found

to vary between 4.0" and 2.75", the major portion being 3.6" deep. The

widths varied between 1.75" and 2.3". This cut is shown in Fig. 4.3-33.

The total material removed in these Lhree cuts amounted to

54.8 kg; with the power which was expended this amounts to a specific
3

energy of 1100 J/g or 2980 J/cm

(d) The second horizontal cut was made with the gun

travelling fiom right to left at a beam power of 13.0 kW, 160 kV with
a standoff distance of 1", a pitch angle of the beam of 140 downwards

and at a cutting speed of 1.5 IPM; at least this was the initial speed

setting. As it turned out, the gun travelled for 9:45 minutes over a

distance of 19", at which time the end of the traverse of the carriage

"was reached, but then the beam was left on for another 5:15 minutes in

a quasi-stationary piercing mode. The appearance of this cut before

and after removal of the debris is shown in Fig. 4.3-34. The breakage

was very irregular and minimal.

SKnocking at the rock in the center of the square area, which
had not broken out we noticed a hollow sound. But we could not find an

open crack which would permit us to pry loose the hollow section.

4. -4
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Second horizonytai cut, completing an 18" square pattern. Spontaneous
breakage is minimal, traversing speed was very irregular.

Fig.4.3-34

Attempt to break

A~ the center section
by stationary piercing.
Some spontaneous breakage.
Some cracks are visible

which terminate without

A$ leading to breakage.

Fig.4.3-.35
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The breakage from this second horizontal melt-cut amounted

to 8.6 kg, which means a specific energy of 1.36 kJ/g or 3.67 k.J/cm3

had been expended. In this case there cannot be an argument as to the

presence of size-effects because of the finite size of the test specimen,

as we had seen it in the first horizontal cut. On the other hand, the

figures do reflect earlier cracking which may have been produced by the

prior vertical cuts.

(e) In order to break loose the already hollow-sounding

center section we decided tt, pi~cw it aL the highest point. Fig. 4.3-35

shows the result of 6 minutes of piercing with a 13 kW beam at a

standoff distance of .75". A number of stress cracks can be seen in

the photograph but the various slabs are still attached to the main rock

body at the edges; they had to be pried loose with a screwdriver. A

total of 9.1 kg of material was removed which amounts to a specific energy
3of 514 J/g or 1.4 kJ/cm . But there ware still more hollow-sounding

sections left which could not be pried loose. An additional piercing

shot lasting 45 seconds led to the breakage of another 4.3 kg of

material, which would amount to a specific energy of 317 J/g or 857 J/cm

A third piercing shot lasting 1 minute led to the *
breakage of an additional 8.9 kg of material which would amount to a

3specific energy of 103 J/g or 279 J/cm3.

Obviously these low and favorable efficiency figures are

entirely due to the fact that we have taken advantage of hidden cracks

from the previous melt cuts. This is a "cumulaLive" effect which we

had hoped to see. Although it appeared here on a relatively small

scale only, it justifies our expectations that on a large semi-infinite

rock face it can be made to work in our favor on a larger scale.

The piercing shot shown in Fig. 4.3-35 produced a beautiful

example of the formation of the cavity with a liquid melt pool at the I
bottom and a hollow dome on top. A close-up photograph of this cavity

Awas already shown in Fig. 4.3-5.
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(f) We had now, as a by-product of the foregoing tests

produced some free faces on our previously homogeneous rock. Hence we

could try and see what kind of effect they would have on subsequent

cuts. Therefore a second vertical cut was started at a distance of 6"

from the original first vertical cut. This is shown in Fig. 4.3-36.

The left photograph shows the rock face prior to the cut; the photograph

in the middle shows the rock face after some spontaneous breakage; and

the righthand photograph shows the rock face after all the debris had

been broken out of the actual melt cut region.

What actually happened during this run can be seen from

Fig. 4.3-37. The beam power was 13.0 kW, the standoff distance 1",

and the beam direction was 140 inclined downwards; the standoff distance

was 1.75". After 6 minutes, and a travel of 5.8", a large piece of rock

broke loose and fell against the gun. This did not cause any damage,

but of course we stopped the beam. The depth oi the actual melt cut,

which can be seen in Fig. 4.3-38, was 4.2" at the top and 3" at the

bottom of the 5.8" long section, the width was 2". The weight of the

large pieces which had broken off was 19,6 !-:his would amount to a

specific energy figure of 241 J/g or (.

The appearance of this set.• . ranite block after

all these tests is shown in Fig. 4.3-3, )':,, this photograph

we had found that the area marked by the o• 'uld also be broken

off by prying into an existing crack with a screwdriver; not much force

was necessary. It is remarkable that the plane of section A is 4"

below the level of the original rock surface, just as deep as the

original melt cut. This is another proof that cracks are produced by

these melt cuts which are not immediately evident. It can also be seen

from Fig. 4.3-39 that area A does not extend to the edge of the test

specimen; hence there is no size effect involved, and in case of a

semi-infinite rock face we would have had the same results.
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K Vt. Cut

-oato of2dVLtIt Vertical

-- i.Ine. of SubSequenO_1t Rr,ýakage 2n u

~ ~NJ* ebris on the f loor.

2nd vertical cut at 6" distance from first cut. When the cut had reached
6" i11 height a 2 ft high column of granite weighing 14 Kg broke loose spon-
taneously and fell onto the gun. The pictures show subsequent stages of
this process. The 2 ft column broke only on impnct to the floor. Details
of the action are shown in the next figure., as follows: top left: break
detected through the telescope; top right and lower left: the whole pillar
leans against the shield of the gun; lower right: gun Is withdrawn and
t-bp roclk pillar is falling down.

rig. 4,3-36

4.3-50
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44

Spontaneous long-range cracking
For explanations, see caption of-.previous figurt'

Fig. 4.3-37
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prviu I gre heml

4~ cu 1(~U-4 4" thp (nu-t tho 0"~

* rule'r sticking out) .Addi-
t ional c rackH can bo soo~n
Whetu matrIa 1148 not YUL
tf ILven oft

Final appearance of second face ~Lfter all hollow sounding sect-ions were
pried lioose. In area rnarkei A plane of the crack is at the scime level
as the root of the melt-cut, namely 4" below the front surface of the
block. The remaining ridge above area A rules out any possible influence
of the edgte of the finite size cube, a'though this e--dge was broken in
an earlier cut.

Fig. 4.43- 39

4.3-52
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• I (g) An additional vertical melt cout was made at a posit•mn
4" to tile right of tile one described in (a), The primary purpose was

to determine itf #uch a procedure would cause the removal of the
resulttng 4"-viwde ridge betwetn the two. An it turned out initially

the ridge was broken to a depth only half that of the two parallel

traverses. flowevret, an indication of thi existenice of cumulativeI, (. (ffv,,ts appeared •ubsequently when a single pieýctng shot, made some 20"

to 30" away, caused the rost of thu ridge to "e brokon off (see (i)).

Most of tlhe material cracked off by this vertical cut, actually came

from the right side, from a smooth, previously undamaged region of the

original rock face. The cut was made with a 14 kW, 160 kV beam, at a
I , ipeed of 1 IPM., and a standoff of 1.5". The gun was pitched downward

by 18.50. The total piercing time was 22 minutes during which the gun
climbed 23". The melt produced in this cutting action again remained

lodged in the groove. The removal of it appears in Figs. 4.3-40 to 44

which show frames from a 16 mm movie film. in Fig. 4.3-42h and i one
can see particularly well that this debris consists of a mixture of
melt and spalling flakes as has already been shown in Fig. 4.3-31b.

With the material removed, the resulting trench was quite uniform in

width (roughly 2"), The depth of the trench was typically 3.7". During

the removal procedures shown in Figs. 4.3-40 to 44 there were 20 kg of

material removed. If we attribute the energy expended in making the

cut to this amount of debris, we find a specific energy of 0.9 kJ/g or

312.4 k/i

r I
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dtoo kV 14 kW bonm at

41 A b) Frac2ture~d and looqely

u ~adhioring pieces arts
1 knocked off.

A ~ c) The imelt-core is loose
04 within the groove but

does not fall out readily.

Fig. 4.3-40

4. 3-54
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d) The melt-core is broken
~ up.

e) More breakage

f) The 'same. stuck melt-corel
ý,wall along the groov.

Fig. 4.3-41

4.3-55



j)Mure breakage

h) Part of the melt-core
is free :

i) Part of the melt-core is
falling out. Here the
great depth-to-width ratio
of this melt-cut.is very
evident.

Fig. 4.3-42

4.3-56

RM-55297



j)Removing the lowest4* 'section of the melt-core
makes also a slab of the

adjacent rock tall down.

k) Obviously, previous
spalling to the right of

•r,. :the cut now makes its
influence felt. The
flat conical impression
is a spalling crack.

S i1) Breakage of the left
side of the cut is only
minor,

Fig. 4.3-43

4.3-57

RM-55298



orAi

"A,.. m) Another slab was partly
46 ,loose (see the crack

in picture k) and can
be pried off.

n) The black spot, where the
previous slab has just
fallen off, is water;
it dries up very quickly
as the next picture
shows.

. ......... "I - - -,

o) Everything cleaned out.
The depth of the melt-
cut is 4 inches below

0 the original surface,
o'J-. its width is 2 inches.

Fig. 4.3-44

:4 . 3-SB
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(h) In order to see what influence it would have if the

cutting of this granite proceeded under water, we ran a flow of water
down the vertical rock face where we started a new vertical melt cu(..

This was an area unaffected by the previous experiments. We did not use

a water jet which had any force so that it would remove debris.from the

, melt, rather the water just flowed over the surface. One effect one

*could expect from this arrangement was a chilling of the melt by the

fwater which migh t cause it to crumble''rather than to assemble in large

solid blocks. However, even for this effect to become noticeable the

amount of water was probably not enough. This test was recorded with the

16 mm movie camera and some frames from this film are shown in Figs. 4.3-45

and 46. The standoff distance was 1.5" and the beam was pitched downwards

i].. •!by 16.5° Within 20.5 minutes a 24" long melt cut was produced, the

depths varied from 2.75" to 3.6". The beam power for this cut was

13.8 kW at 160 kV. The first frames in Fig. 4.3-45 show the beam being

turned on. The frame sequence is 24/second; it takes about .2 seconds

until full beam power has been attained. The frames on the right show

later phases in the cutting process, especially the dripping down of

some droplets of liquified rock. In Fig. 4.3-46 this is once more

shown in greater detail; the frames in this figure are not consecutive

but show the development of the melt and the droplets within a time

period of 5 to 25 seconds. There was never a buildup of a great amount

of debris during this run; this can probably be attributed to the water

flow; perhaps the cooling effect of the water prevented spalling of the

surrounding area near the cut due to radiant heat. There was

comparatively little stress cracking in the vicinity of this cut and

the walls of the groove were smooth.

1 4.3-59
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"- ". ... ..

Consecutive frames from the movie film showing a vertical cut. made with water
flowing over the face of the rock; speed 24 frames per second. Beam 14 kW
160 kV traversing speed 1.1 1PM; stand-off 1.5".

Fig. 4.3-45
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(1) The next test was a single pierce lasting an extended

period of time and causing a large amount of breakage. From the

patterns of the breakage we determined Lhat the effect of this pierce

strongly depended on many of the previous tests made on this rock face.

The beam power was 16 kW, at 160 kV. It was directed perpendicular to

the rock face (i.e. horizontally) in a region whose surface was

characterized by gentle undulations. The piercing position was within

3" of the center of the square outlined by the vertical and horizontal

traverses described in (a) through (d). The standoff was 0.8". The

total piercing time was 30 minutes, although a 65 kg piece was broken

from the corner of the granite cube after the first 15 min. This piece

is shown in the lefthand photograph of Fig. 4.3-47 as it looked at the

end of 30 minutes.

The cavity caused by the beam was not typical of other

piercing cavities in that a layer of glass roughly I" thick lined the

entire inner wall. We conjecture that the heat flow forced by this quite

strong attachment was in part responsible for the large amount of

resulting breakage. One reason for this lining was that practically

no liquid was able to flow out of the cavity. The gun muzzle was in

the way. It is still open to question, however, why the upper part of

the cavity accumulated a liquid layer instead of spalling downward as

we had observed on other occasions. With the remaining time of the

testing period we were not able to reproduce this effect. When the

solidified material had been removed, the cavity was measured to be 5"

deep and 10" high, with the height extending 8" above where the beam

entered. (See Figs. 4.3-47 to 4.3-49).

After this pierce 159 kg of material were easily dislodged,

as can be seen in Figs. 4.3-49 and 4.3-50. These photographs were taken

from a 16 mm movie sequence of the dismantling process. The bottom

photograph of Fig. 4.3-49 shows a second large pierce being removed.

Immediately to the right of that piece is material shown still in

"position but which was removed next. There are two interesting aspects

to this latter piece. First, when it came off, so did the ridge betweenI 4.3-62



the two parallel traverses described in (c) and (g) (in fact one can

see in the photograph the vacuum left when the bottom half of this

ridge dropped off spontaneously). Secondly, as this large piece was

removed, it revealed a large amount of water covering the newly exposed

surface. These two observations suggest that there were already deep

cracks formed before the pierce was made. At least one of the cracks

was caused by the two parallel traverses and piercings. The test

immediately preceding this present one was the traverse made with water $

flowing across the top of the rock and then down the side being cut.

If we attributed all the breakage following this pierce to
4•;. the energy extended in these 30 min., we would obtain specific energies

3 -of 180 J/g or 490 J/cm

4.-6

IPs

A , ,

iii
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After piercing for

15 minutes a large
crack appears.

The cracks extend

horizontally over

3 feet.

Knocking off some

of the re-

solidified melt.

Fig. 4.3-48

4.3-65
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C rack extendt to
the right of the
piercing spot.

4 71

A large corner block
comes off.

More debris comes
off and more cr~cks

I become visible.

Fig. 4.3-49

4.3-66 .
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One of 3 piece$
whicth formed the
vertical miab be-.
twoon two earlior

now becomme 10044.

s ~Part of the dust covered

3. ..~p *wall of the piercin~g

4 AA

4.4.,t 

s

Inspecting th~e

FigJ 3-50
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()The next piercee was also of long duiethon, 59 wint.j otal,
The itret 9 min, were made at 16 kW, 160 kV (see Fig, 4.3-51).

Subsequent power supply diffloulties then caused a delay of about 15 min.
7. before restarting the gun, after which time it ran at lO.kWk 150 kV Only

after 24 min,. into the second stage of piercing did the original

solidified Slavs begin to Slow. The second piercing stage won stopped

after 30 min.

The location of the pierce was 12" below and 4" to the right

of the pierce described in (i). Tho etandoff position was the same,

0.8", as was the pitch, 0 Dotails of the cavity and stress cracks

in the rock appear in Fig. 4.3-52. The appearance of the cavity andI." the de1lria after removal appear In Pig. 4.3-53.

"In contrast to the previous pierce, the amount of breakage

was more typical of what we had obtained from the traverses alone, i.e.

19 kg, which represents a upecific srergy of 1.5 kJ/S or 4.0 kJ/cm3.

An additional pitrce was made at the lower powýer, 11 kW at

150 kV, which shotted quite por energy coupling to the rock. The
standoff distance was 1.25" &'nd the Sun was horizontal. Altbough the

piercing lasted 45 min. the liquid rock failed to wet a major portion,

of the cqvity wall. Material *palled from the top of the cavity and

was either melted or vaporiset by the beam. Only 6 kg of material could

All be removed, a value which re•eaents specific energies of 4.8 kJ/g and
RIJ 3

A,

4.3-68



Stationary piercing with 16 kW, 160 kV after 9 m in u t es. Htd-ofU distancei

3/4 inch blocked-ofl" by theC Melt; cavity has allre~ady ex\tendcd upwards beyond
the face p late of the gun and the mol1ten rock MI has f~ormed ;.i chimney for
the hot gases (; From) til! cavi ty tou escape. IHtrc ing at thifs positiocn was
cont inued for anouther 30 mi Un. at 10 kWq 150 kV ; see the f- l1ow ing f igure.

Fig. 4.3-51

4 3 69
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After completion of the 39 min. of piercing (previous figure) several

thermal cracks can be readily seen, for instance at c and d, but others

are not so evident. G is in the chimney hole of the cavity, the arrow

B points to the beam hole which is shown in the close-up photograph on

the right. The impression of the face plate of the gun in the molten

rock can be seen cearly; the screws' heads appear dark since they have

good thermal contact with the copper frame of the shroud whereas the

molybdenum plate, and the rock in contact with it stays hotter and was

still glowing when the picture was taken. Through the beam entrance

hole (arrow) one can see the white-hot interior of the cavity.

I

Fig. 4.3-J2
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On the left: remaining cavity after all loose rock has been removed;
the maximum depth measured from the original rock face is 3.6 in. Note
the end of the ruler is buried in some of the remaining white dust which
characteristiu,.ly forms the solid-liquid interface in this rock. On
the right: material broken out by this piercing shot, amounting to 18.5

Fig. 4.3-53

1 p d (k) At the lower power (10.7 kW at 153 kV) we performed an

upward traverse to be compared with those made athigher power aR

described in (c), (g), and (a). The standoff distance was 1", the

[I traversing speed was 1 IPM, and the downward pitch of the Sun was 120.

The total beam time was 18 minutes which produced 4.5 kg of debris,

I thus yielding a specific energy of 2.5 kJ/g or 6.9 kJ/cm3 . Fig. 4.3-54

shows the results of the traverse before the melt and breakage were

removed. Note the spell chips embedded in the true melt which give the

material a flaky appearance. The major portion of the resolidifLed

material could be removed in one piece as is shown in Fig. 4.3-55.

4.3-71
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4.W

Vertical traverse with reduced power of 10.7 kW at 153 kV; 1 inch stand-
off; traversing speed 1 IPM upward. The re-solidified "melt" protrudes
from the rock face by about .8 inch; the flaky character is due to spall-
chips which get imbedded in the true melt. The trench depth was 2.6 inch
at a width of 1.7 to 2.0 inch. The material removed weighed 4.5 kg.
(See also the following figure.)

Fig.4.3-54

Measuring the characteristic depth of this melt cut was

hampered by the undulating surface of the original rock face. Since the

traverse was executed rather smoothly, we picked a location to

measure where the standoff was indeed 1.0". The depth at this point

was 2.5". The following table summarizes the results of the four

vertical traverses, all made at 1 IPM.

4
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The major portion of the
resolidified material 'from
the melt-cut of the previous ' ,
picture could be removed in
one piece and is shown here.

Fig.4.3-55

T r oaf Trench Dimensions
Traverse Power Voltage Standoff Depth Width

(kW) (MV) (in.) (in.)

(c) 1 13.1 160 1.25 3.7 2.0
11 (8) 13.6 160 1.0 tc 1.4 3.7 2.0

e) 113.8 160 1.5 3.0 1.3

I(k) 10.7 153 11.0 2.5 1.7

liortoyStudying this data one finds that the depth tends to ircrease
faster than proportionally with the-power, an effect found previously in
laboratory piercing tests (see Section 5.1, especially Figs. 5-4 and
5-6)and expected from theory (see Section 5.2).

U ICase (e) appears to be an exception most likely because of

i its larger standoff, which causes additional degradation of the beam's

q power density before it reaches the rock face. The unusually narrow

trench for (e) is possibly a result of quenching due to the flow of water

used during that test.

4.3-73
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(1) One test was performed on a small, 45 kg, rectangular

block of white granite. This piece, although obtained locally, appeared

very similar to the material of the 6' granite cube. The sample was

12-1/4" wide, 9" high, and 8-1/8" thick. We shot the beam horizontally

into the center of a smooth vertical face. The beam power was 13.6 kW

at 160 kV, and the standoff was 0.74".

The first of two piercings lasted 64 sec. and produced a cavity

2.4" deep, very similar to that found in the piercing tests on the large

sample (see section 4.3.2 and Fig. 4.3-14). As was typical for this

type of rock, this piercing depth was only slightly greater than half that

expected from theory, i.e. 4.3". (See equation (5), Section 5.2 for

which the present power level and standoff distance were used together

with thp constants given in Table 5-3.) Fig. 4.3-56a shows this cavity

with the resulting solidified melt stuck to the e.b. gun. This piercing

caused a hairline crack running vertically through the front face of

the sample and bisecting the cavity. The crack extended about 2" into

the rock face as deterwined from looking at the top face of the sample.

A second piercing was then made into the original cavity

under the same conditions as the first. After 60 sec. of the second

pierce, the original hair-line crack had propagated across the top of

the rock. After 83 sec. the rock fell apart into two comparably sized

pieces together with some smaller debris as can be seen in Fig. 4.3-56b.

Taking half the original weight as the material brokeu away, we obtain
3

a specific energy of.89 J/g or 240 J/cm

4.3-74



(a)

Fig. 4.3-56 Small, 45 kg, I Iwil-11g , 1:L!C LanguI, I.'I 1 1)ock of white granite
similar in material to large t t: . r~ampIi-. (a ) Cavity from a 64 sec piercing
at 13.6 kW, 160 kV . De~pth wa>. roughlIy ho.!f thbat obtaineud In gabbro and
predicted by theory. Tbit rv Iu agree>. with Lestsi performed on the large
test sample. (b) The b lo-k j:. . I in hall al cer 83 ';QL of additional
piercing.
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(m) From the preceding discussion of piercing and cutting

the second face, we can obtain a very rough estimate of the specific

energy needed for electron beam breakage of the large, 6', granite block.

Tt is clear, however, that there exists a large number of variables i

which must be understood before the processes can be optimized. There

were 16 different tests performed cutting or piercing this face, and

debris was removed and weighed 10 times. The data collected during the

tests was extremely useful in a descriptive sense, but the relatively

small number of tests makes it impossible to untangle the correlations

among the various operating parameters and cutting sequences. Substan-

tially more data would be required to identify the optimum strategy

and the associated specific energy.

At present, the best we can do is to present a total specific

energy averaged over the experiments. The total energy delivered by the

electron gun was 2.13 x l05 kJ. The resulting breakage was 314 kg. These

values yield a specific energy of 679 J/g or 1830 J/cm . Theoretically

with no heat losses, melting requires 2 to 3 times this energy, and
vaporization requires 7 to 8 times as much. Experimentally, we

find we needed to deliver 6 times this energy in spalling the same

material (see Section 4.3.5).

LL

ICI
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4.3.5 Spalling

(a) Several spalling tests were made on the second face of

the 6' granite cube. Of these, three were made without moving the gun along

the face of the rock, but rather spalling away material to form cavities.

Fig. 4.3-57 shows a sequence of photographs of one such test performedp0
at 14 kW, 160 kV with an initial standoff of 6" and a pitch angle of 00.

The standoff was large enough to cause the beam to spread out thus
reducing the power density, as can be seen in 4.3-57a. Distributing

the beam power over a large area provides the extreme opposite to the

quasi-adiabatic vaporization used in piercing and slicing. In principle,

one would like the power density to be sufficiently low that none is

wasted in melting and sufficiently high to cause a steep temperature
gradient at the surface of the rock. Differential thermal expansion

at the surface then causes small particles to shoot off. Some of these
J\ particles are visible as bright streaks in Fig. 4.3-57 as they are made 4

incandescent by the electron beam. A photograph from an unrelated,

short-duration test gives a view of a spall cavity stopped in the early

stages of development (see the top of Fig. 4.3-58). It corresponds to

a beam timc of only 80 sec. The cavity diameter of 5" and Its depth of

0,75" show the very low depth to width ratio to be expected when using

a dif fuse beam.4

Returning our attention to Fig. 4.3-57, we see a white glowing

Smass collecting at the bottom of the cavity (see photographs b and c)

and showing that a certain amount of material was in fact melted, Some

of this melt probably came from the cavity walls and some from a

collection of spelled fragments melted while traversing the beam.

H This spall test lasted 30 min., during which time we advanced

the gun toward the rock to keep the standoff distance more or less

constant. The test resulted in the removal of 6.25 kS of material,

SI]
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Spalli.ng crater in the "Sierra White"
granite (left), and the very fine,
powdery debris which was produced
(below)

Fig.4.3-58

4.3-;9
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most of which was very fine and powdery, typical of that shown in the

photograph of Fig. 4.3-58. This material corresponds to a specific

energy of 4.15 kJ/g or 11.2 kJ/cm3 , It is interesting to note that therv

were no, immediately-apparent, stress cracks caused by this cavity.

(b) Rapid spalling trav'erses at small standoff could not bo

attempted in the granite because the carriage was too slow. However,

one spalling traverse was attempted. We translated the boam vear-fcal~y

up and down over the same 23-inch long nath 18 times in succession in

an attempt to spall a trench of reasonable depth. The vertical direction
was chosen to allow material melted inadvertently to fi•ll out easil~y, 1

The gun delivered 16 kW at 160 kV from a standoff distance of 5". A
much closer standoff would have caused melting and vaporii~ution. We

used the maximum possible vertical traverse speed obtainable with the

carriage, i.e. 37.5 IPM up, 20 IPM down. It was necessary to pitch the

gun down (i.e. by 170) in order to aim the guit at the rock while ,,sing

the full range of the iertical motion of the carriage. Interrupting the

process temporarily after 6-1/2 minutes (7 passes each up and down), we

found that the spalled trench was already covered with a layer of solidi-

fied molten material. The trench was 3.5" wide and only 1 .2" deep.

After chipping out the solidified lining, we continued the process for

an additional 20 min. In fact what we had generated was a wide, shallow

trench which was lined with glowing, hot semimolten rock. It is

interesting that the process did produce a substnntial number of

stress cracks in contrast to the stationary spall of (a)-which produced

none. Because of these stress cracks 44 kg of debris were reme,,ed. Of

this, 26 kg were in a single piece from along the top free edge of the

rock. When it was removed, watet appeared on the newly exposed surfatie,

presumably from the experiment using water (see Section 4.3.4(h)).

L Accordingly, that crack was pre-existing and as such is indicative of the

cumulative nature of the process. Since most of the debris was caused by

stress cracks, we cannot attribute the resulting specific encrgy to

Sspelling. The value we get, similar to the average value obtained from all
the piercing tests, is 0.58 kJ/g or 1.57 kJ/cm3 .
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u 4.3.6 Xiti.Lon o ft ho ~i Teayfts

A 0hronological itat ot' LOst. r1um madtH o th0 , 6 I't, 9V'1nltv

block is prtAentvd in Table 4.3-Vt. Fig. 4,3-61 and 62 identify thw

variou& test locations, As mentioned, we first had to-get a feeling

for what would happen if tho electron beam pierced this type of rock,

and how the mobile gun could be manipulated, These first tests are

therefore exploratory, each one different from the previous one. There

T] is an additional reason for the differences in subsequent tests, namely
after the first melt-cut there can be changes to a wider area than is

'readily apparent, and the next test takes place on an already altered
rock. We have shown clear evidence for such cumulative effects which

are, indeed, favorable for our purposes. Such cumulative effects,

Ii however, do not yield neat academic-type test series. On the other

hand, because of our limited funds, we could not run enough tests for

H la statistical evaluation of the data.

It was also not possible to get data on large-scale cumulative

effects from a block of only 6 ft. on a side. Accordingly, these

tests, and their results, cannot and should not be taken as a substitute

for field tests. What we can say at this time is that the electron

gun as well as the cutting, piercing, and stress cracking processes as

observed have met all our expectations. In addition, as expected, w#

* have obtained evidence for cumulative effects.

Fig. 4.3-39 shows the first face and Fig. 4.3-60 shows the

second face of the 6 ft. cube at the termination of the tests. It is

fi porhaps indicated to reiterate that the damage to these rock faces was

-done by an energy besm from a-distance (however small it was), Without

.|physiCal contact, and without physical force exerted from the outside,

utilizing internally induced stresses.
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Table 4.3-VI Continued

Notes:

t Two values are given for some horizontal traverses. The first

is the value at the left end; the second is ,the value at the

right end.

ft S: stationary; U: upward; D: downward; L: left; R: right

* Spalling attempts

Comments:

a. First indication that cavities grow upward at expense of depth.

b. Pierced into pre-existing hole #1.

C. Does not appear on location chart.

d. Pierce for 25 sec.; then begin translation.

e. Made one pass, chipped out glass, and made second pass; material

broke off between #5 and V7.

f. Sequence of 15 sec. piercings (5 of them) spaced 4 1/4 in. apart.

Produced no cracks.

g. Width is of triangular cross section which broke off as result

of cut.

h. A second, identical pass increased the depth by 1.5 in.

i. Traverse stopped by x-ray interlock.

J. This was a second pass made over #15.

k. A series of seven separate piercings. Cavity widths at rock face

and depths were as follows:
Piercian Time (sec.) Width in.Deth (in.)

1 0.19 0.91
2 0.25 1.22
4 0.33 1.42
8 0.33 1.77

16 0.33 1.97
32 0.87 2.99
64 1.45 2.56
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Table 4.3-VI Continued
Li

1. Separate piercings repeating the last three of #17.

Piercing Time (sec.) Depth (in.)

i 16 2.25
j] 32 2.28

64 2.40

.j m. Repeat of #17 but with a 1.0-in, standoff.

Piercing Time (sec.) Width (in.) Depth (in.

1) 1 0.39 0.90
2 0.51 0.90
4 0.67 1.22
8 0.79 1.57

16 0.91 2.12

32 1.04 2.6864 1.26 2.76
n. The trench was in two sections because of a skip resulting from

[I the gun's jamming against the rock face.

o. Use air jet.

p. Four successive traverses at the same position.

Pass # Depth (in.) Width (in.)

1 0.51 0.5
2 0.79-0.87 -

31.1I
4 1.4 0.9-1.0

q. Gun jammed against rock making traverse speed uncertaln.

r. Gun movement stopped because of debris stuck to muzzle.

s, Deepest penetration was at begit,'ing where beam was held stationary

for 25 sec.

t. Gun periodically withdrawn slightly to frec it from being held

by debris or jamming against rock face due to lack of parallelism

between direction of motion -_-d rock face.

u. Spall test performed without moving gun from position of #31. Cavity

width is listed as smaller than that of #/31 since this second cavity

.11
appeared in the center of the previous one.

1 4.3-89



Table 4.3-Vt Continued

v. Traverse lasted for only the first 9 min. 45 sec. Li
w. Flow water over rock surface during traverse.

x. Up and down in rapid succession, 37 ipm up, 20 ipm down.

y. This is a continuation of #43 after a 15 min. cooldown.

Li
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5. THEORETICAL STUDIES

5.1 Tests In Support of the Theoretical Studies

To check the penetration rates predicted by equation (5), of

Section 5.2, a few laboratory tests were made with our low-power 9 kW

electron gun shooting a beam vertically downwards.. In one series of

tests, the beam was fired into the top face of a larger piece of rock,

as we have done in the past. This has the disadvantage that liquified

rock may accumulate at the bottom of the cavity; this factor is not

. •included in our theoretical analysis. Therefore, another set of tests

was made in which the beam drilled the cavity very close to a vertical

face of the rock. In this caset the cavity breaks through and the

liquified rock can flow downwards and out. This corresponds more

closely to our theoretical assumptions, and would closely resemble the

conditions that we find drilling a cavity with a horizontal beam. Besides,

the test is not involuntarily interrupted by the fracture of the rock.
-.•*~ Figure 5-1 shows such "cavities" drilled along the smooth face of a block

of black gabbro from Oklahoma. The beam, running parallel to the face,

hit the top of the sample roughly 0.025 inch from the edge of the rock.

Figure 5-2 summarizes the penetration as a function of time as measured

in both types of tests.

For the penetration observed along the rock face, the theoretical

curve follows the experimental points closely. However, penetration into

the body initially proceeds faster, which can be explained by the fact

Ti that the vapor temperature is higher in the closed cavity. Therefore,

the beam scattering is lower, and the power density remains higher than

is assumed in the theory. On the other hand, the penetration into the

body levels off after 6 to 7 seconds, most likely because liquid rock

has accumulated at the bottom of the cavity. These differences have not

been investigated further.

5-1
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haeam "ON" 32.0 17.9 8.0 4.o 2.1 1.1
Time (secs) j I

Fig. 5-1 Cavities drilled along the smooth face of a sample of Oklahoma
gabbro, The beam, running parallel to the face, hit the top
of the sample roughly 0.025" from the edge of the rock, 9 kW
beam power, 150 kV; standoff distance 1/2 in. Beam "on" time,
from left to right, 12.0/17.9/8.0/4.0/2.1/1.1 seconds.

SI I " I . . .. I I . . .
0

16- "

14 1
0Pandralln Abmg Fate
• •etraon Into$*dy 32 .'--TI•Iy W" 0.6 iUk~m

0 10 5 a i 30
Time, saic .'

Fig. 5-2 Measured growth of cavity with time for Oklahoma gabbros. Tho.
beam, aimed vertically downward into the body, is stopped at
5 cm by the continual accumulation of liquid flowing from the
cavity walls. Penetration along the face simulates the action o,.,
of a horizontal beam, in that the liquid does not collect at
the cavity bottom. The solid curve represents the theoretical
prediction derived in Section 5-2 which agrees well with the
experimental data shown here. (Beam power, 9 kW 0 150 kVW
standoff, 1/2 in.) I j1 1

5-2

3Z4-50475
I'.

. . . . . .. . . . . . . . . . . . . . . . . . . . . (.,



I

F8ure W.,, shows how otr soneral theory a#sees with what we
find to dfferent kinds of ro, Cvittes were drtiled, again along
the faue of the rook, in copper om, in a Caluarsous iandste•ou, tt o-

ca lled to%* quagtatt*e, *s in the Oklahoma abbro, It aky~thing ay be

cocludad fr•om thee. tew.1t.ss, thon we cAn say that the Inittel pen-

Ssetration to perhaps fasn. ta,, predicted by ta|e t•,•ry based on heat

4t evaporation of 1"* a 14 W. The later penetaetion to nut as d4ep as

predicted, especially for the sandstone, In quartritao the cavity ti

nao produced by melting but rather by opallation and the eplosive ex-

pulsion of mall partialeej tn other wotrdu; loe energy 1* to needed

than for vaporiestion, The experimental points toll rooghly on a

= urve computed with a value of H* a 2.6 WJ In tVeL casoe the whole

Sexperiment was also self-terminat±. after five seoonds when the small
block burst Into pieces.

r tgure 5-3 also ihova theoretical curves computed for

1* a 2.6 kW 7. 3 kJ6 IMkJ, ao 21,3 kJ. The different behavior of

the uelxtono can perhaps be explained on the basis that, initially,

it spelle (H* a 7.5 J) aod later spalliial t inhibited by a layer

of molten rock. Alternatively, liquid that keeps flowing into the beam

region may L.ihibit cavity growth. It could also be that heat conduction

is greater in• the sandstone than in the other rocks and the &nasmption

of an adi•bati, process to no longer true,

Obviously, thave are many details yet tQ be investigated but,
in general, we feel that our simple theory repreeente very well the

initial, pietctng rat•,o at least for the first 30 seconds, and it can be

used as a basis for the temperature and otreas computations.

Mother teot seemed of particular interest, naaely, to determine

the penetration efficienty ao a function of beam powers Figu•e 5-4

shows how cavity depth. increaues with beax power 4hen the total

jgS is l held g, The more quickly a &Iven amount of energy is
dalivered, the deeper is the cavity, since the adiabatic conditions

a.re more closely approached. When adiabatic condItions are fully

wX
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a fine *andI, The sandsrtone as# not ogre*e vs wth the theor"y,
following th~e H* 0 7.5 hJ/Cm for the first few seconds and
then dropplng below the HA* a21.3 Was/c line near 15 sea.
This discrepancy may have the smem cause as thes drop in tha depth-
to-width ratio for sandstone as shown In ?1#, 5-8.
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Fig. 5-4 Influence of the bean power on the ochieved piering depth for' ,,
aanrt and opeegy "put (variable piercing time). The higher

power beam t, obviously more effieone. This "t one of the
Power dependent -e•ets mentioned in Section 3.2.2. Staiof f

distnce,1/2"
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obtained, the* the cavity depth should no longer t¢'cnd on beam power.

For tho gebbro und the 9 kW beam, this is not yet quite the case. ,IncC$

with the higher beam power that we will have for the field tests, the

A |pierni rate should increase faster than proportionally with power.

Figure 5-4 illustrate& rather drastically the importance of the adiabatic

U oondivAone and, therefore, the fact that with a low power beam, say
2 kW, one simply cannot get representative experiments that provide a

valid basis for extrapolation to higher power levels. Obviously tests

at higher power and higher voltages, say at 200 kV, 60 kW, would be

etremely interesting.

As mentioned earlier, the beam width is not antirealy determined

by bem scattering but also by beam optics, mainly the angular aperture

of the beam as it to focused by the magnetic lens. The angular aperture

as well as the position of the so-called crossover can be moved by

chauguing the current through the lens. As discussed elsewhere the

product of angular aperture a0 and diameter of the beam at the focus

SspotS0 •, is constant or, in other words, the so-called radiance of the

beam is an invariant. If we reduce the angular aperture, we will auto-

matically incrsase the diameter of the beam at the focus and reduce the

power density N*. As to which factor is of the greater importance if

we aim for maximum penetration, it depends on the circumstances. For

instance, if the po~er density is already so high that adiabatic conditions

prevail, then it is not necessary to increase it further. With our

present machine, we can vary the position of the crossover only within

narrow limits, But to see whether the focus position is of any importance

under our present conditions we made the comparative test with the results

listed in Table 5-1. A reduced focus current means the crossover is

further away fiou% the orifice of the Sun and closer to the top surface

of the rock. A smaell change in focus position will produce an increase

in the depth of the cavity of 10 percent in the case of the sandstone

and of 17 percent, for the gabbro.

A spinning disc beam analyzer was used to measure beam power

profiles. Figure 5-5 shows an example corresponding closely to the

Y5-M



Focus Ctirrert; 1.28 A F'ocus Current 1.44 A

IILA

Fig. 5-5. measured beam power density as a function of focus current.

Table 5-1
Influence of Focus Position on the Depth of Penetration

Beam Elapsed FusCavity Increase in
Rock Current Time Current Depth- Cavity. Deptft

.Sandstone 15 mA 8.0 sec 1.30A 2.1 cm -h

15 8.0 1.18 2.3 10%

*Gabbro 30 8.0 1.*30 2.8

30 8.0 1.24 3.3 17% i

(The extent to which the focus could be changed was limite~d by certain

design parameters-of this gi'fn.) .. .

5-6
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Li
" conditions of Table 5-1. Total beam current was 60 mA and 150 kV and

' the plane of measurement, 1/2 inch below the gun exit orifice., At

1.28 A focus current,. optimum beam transmission efficiency was obtained,

LI but at.l114 A, the beam spot in the plane of measurement is noticeably

* narrower. The beam angle is also smaller because of the longer focusing

distance. The gun was adjusted to keep the beam current the same for

both cases. Each trace in Figure 5-5 represents a scan through the beam

at various d44stances from the center axis. The horizontal scale is

S1 major division - 0.085 cm; scan lines are separated by 0.04 cm. The

vertical scale is arbitrary. Detailed evaluations have not been made

• • at this time.

Our field test gun will have a greater latitude in the position

Sof beam focus than was available for the test of Table 5-1.
Just to collect all the information that is contained in the

above tests, and without any attempt at completeness of the analysis, we

have replotted in Figure 5-6 the observed depth vs. beam power (as

already shown in Figure 5-4) in logarithmic coordinates. Going to

higher-beam powers, yet keeping the expended energy constant, clearly

ii has advantages. Yurthermore, Figure 5-7 shows the depth-to-width ratio

obtained from constant energy inut but with vari-ous beam powers; there

H is a marked difference between sandstone and gabbro. If, however, we
plot depth-to-width as a function of depth for a power of 9 kW, as in
Figure 5-8, we get initially (for small depths in the order of 1 inch)

large differences for different rocks. Yet these disappear when we

reach 2 to 4 inches depth. There, the depth-to-width ratio approaches

a common value of about 4.25. Because of the limited number of ob-

servations, we do not want to speculate on the reasons for this

[ behavior.

15
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Curve 6L42083-A

Beam Current, mA
1 2 3 4 5 68 10 20 '10 ~L

6-H

4-J

2-

1.8-
~0.8 o Gabbro 144kW
~Oa Sandstone 18 k

0.4 U =Const.

0.2

0.2 0.4 0.6 0.8 1 2 4 6 8 10
Beam Power, kW

Fig. 5-6 Increase in efficiency with beam power. Some data as - -

Fig. 5-4, but on a log scale. There is no indication
of any levelling off at 10 kW.
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Beam Current, mA
8 10 20 30 40 50 60
8

6

4 0/

c3 5 $ " Samdstone 18 kJ

UU
2 r oI"U •Const.

0 2 4 8
Beam Power. kW

Fig. 5-7 Depth-to-width ratio as observed vs. beam power for constanti energy input. The beam power obviously may or may not be of
importance, depending on the type of rock and on the power

1level itself. Standoff distance 1/2".

i in

4 4
44

? A 1CIwwI Ore

Fig. 5-8 Depth-to-width ratio as a function of final depth; the
exceptional behavior of sandstone may be due to initial
spalling, but it was not further investigated (see also
Fig. 5-3). Beam power 9 kW, 150 kV; standoff distance 1/2".
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Long after the here discussed tests were completed, the

piercing tests reported in Section 4,3.2 were made, of-which Fig. 4.3-1UL
-givesa summary. These tests were limited in scope for various reasons,

as mentioned. Obviously one would want to, see the curve of Fig. 5-6L

extended to (a) higher power and (b) to include the Sierra White
granite. Similarly one would like to know where in Fig. 5-8 the

points for the Sierra White granite would fall. We had to leave these
question open, to be answered by later investigations,,

5.2 Analysis of the Piercing Process

High-powered electron beams, when sharply focussed, can quickly

vaporize deep, narrow cavities in'rock, the three major factors in the

process being the high power of the beam, the high power density at its

center, and the low thermal diffusivity typical of rock. The piercing
occurs because of intense thermal energy generated by the kinetic energy

of electrons as they bombard the rock. Furthermore, this energy is de-

livered so quickly and in such small areas that only a small portion of

it can diffuse into the rock by heat conduction (a quasl-adiabatic con-

dition made possible by the low thermal diffusivity). Accordingly, the
major portion of the energy causes extreme local heating which melts and

vaporizes material off the cavity bottom and thus extends the cavity's

depth.

Initially, the penetration speed is very high (typically 2.5

in/sec at 9 kW) but decreases with increasing depth because the power

density of the beam suffers increasing degradation as the beam travels

the ever increasing distance to the bottom of the cavity. Note that the

electron gun is many times wider than the cavity and therefore cannot

follow the receding rock face. The degradation of the beam's power

density is due primarily to multiple scattering of the electrons by

molecules of air and vaporized rock in the cavity. Although this

5-10
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scattering process absorbs only a small fraction of the electron energy,

it nevertheless broadens the diameter of the beam, thereby diminishing the

density of its power while preserving nearly all of the initial total

power. Consequently, as the cavity grows deeper and the power per unit

area hitting the bottom decreases, the growth rate of the cavity also

K. decreases.

Although the diameter of the cavity grows with time, it does

so more slowly than the depth. At the widest point, usually about

half way into the cavity, the diameter is typically only 1/4 Lhe depth.

• • Its clow growth rate is a result of the relatively small amount of power

U striking the walls as compared to that hitting the cavity bottom. The

power to the walls comes from the relatively few electrons which are

i scattered out of the main beam and from the transfer of thermal energy

from the jet of hot gas vaporized off the cavity bottom. The energy

II is deposited sufficiently slowly that a substantial fraction is carried

away by heat conduction into the rock, and the quasi-adiabatic condition

Ii is therefore not satisfied. As a result, only a portion of the power

to the walls is available for vaporizing away material, i.e. available

for expanding the cavity diameter. In fact, one finds the walls covered

with a layer of (often viscous) molten rock through which heat flows
into the solid material. It is this heat flow, in fact, which sets up

the steep temperature gradients that produce the thermal stresses on which

the rock-cracking process ultimately depends.U Previous experience has shown that a beam of, say, 9 kW and

150 kV will pierce a 2 in. deep hole within 15 to 30 seconds, by which

7] time failure from thermal stress will usually have ocurred in laboratory

rock samples (typically blocks 6 to 10 in. on a side). In larger blocks

it is necessary to pierce for longer periods (2 to 5 minutes) during which

time the cavity will grow further to a depth of 4 to 6 in. For con-

siderably longer piercing times, the depth of the cavity will grow so slowly
i•|that its speed is no longer comparable to the speed of the thermal con-

duction. Under such conditions the quasi-adiabatic approximation no

longer applies, and calculating the dependence of depth on time becomes

quite complicated.

5-11



With a view towards understanding the effects of electron

beams on rock, we have developed a mathematical model that predicts

rate of penetration as a function of time. In calculating the pene-

tration rate, recognizing the high total beam power as well as the

high power density at the center of the beam, we use the quasi-adiabatic

approximation which greatly simplifies writing down heat balance

relationships. This condition holds true at the bottom of the cavity

for nearly all piercing times of interest and consequently allows us

to calculate the rate of material removal (through vaporization) and

thus the depth to which the cavity will grown in a given time. Con-

versely, it is difficult to predict the shape of the cavity because

the quasi-adiabatic condition is violated on the walls. Since the

complicated boundary conditions make it too costly and time consuming

to calculate the expected cavity shape at this time, we use a simple

illustrative model in the subsequent phases of the theoretical program

where we estimate the time dependence of the temperature profile and

stress distributions within the rock.

Besides, the quasi-adiabatic removal of material the piercing

rate is dominated by a decrease with distance of the power density at the

center of the beam, which is caused mainly by the multiple, small-

angle scattering of the electrons. Other effects do exist which also

tend to degrade the beam, but are quite small for the power levels and

distances involved. For example, because of the low gas density in

the cavity, energy lost from the beam through ionization of the gas

causes a loss of only about 3% in the enErgy of the average individual

electron before it reaches the bottom of a 5 in. deep cavity. Another

factor is the broadening of the beam and consequent reduction in power

density due to an initial angular divergence of the beem at the exit

nozzle of the gun as caused by the electron optics system. This effect

is also small; for an initial beam envelope half angle of as much as

39 it accounts for only 6 percent of the beam diameter at a typical

stand off distance of 1/2 in. This contribution continues to drop with

distance from the gun to only 3% at the bottom of a 5 tn. deep cavity.

That the initial beam divergence has such a small effect is a consequence

k 5-12
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of the random-walk process of the multiple scattering. For relatively

j_~ small initial beam divergence angles, it is appropriate to combine

the effects of divergence and scattering by adding the two contributions

v {in quadrature. Consequently, the effect of scattering almost entirely

masks the effect of the initial beam angel. As a result, as long as I
the beam's initial angular divergence is sufficiently small, its actual

- t ivalue has negligible influence on the beam divergence outside the gun.

. Another energy loss mechanism which turns out to be small is bremsstrah-

lung (energy loss to x-rays produced in the electromagnetic field of the

atomic nucleus). It becomes important only at electron energies greater

than about 7000 keV, i.e. much greater than the 150 keV of the electron

beam rock cutter. In fact, measurements show that only about 1/4% of

the total incident beam power is lost to x-rays. However, at the point

where the electrons hit the dense molten rock or the solid rock of the

walls nr of the bottom of the cavity, energy loss through ionization

is the dominant effect. It is through this mechanism that the electrons

give up nearly all of their kinetic energy to the material and thus

produce the intense heat needed for piercing. In losing its energy,

an individual electron characteristically penetrates 80 to 100 um into

the molten or solid material, and although it is possible for it to back-

scatter out of the material, only about 5% of tho ircident power is

reflected in this fashion.

As mentioned above, under the quasi-adiabatic approximation,

jI~ the peak power density of the beam, i.e. the power per unit area, N*,
at the beam center, determines the growth rate of the cavity depth.

Knowing this power density makes it possible to evaluate the power

transferred as thermal energy to a small area at the bottom of the

IH cavity. Then knowing the energy required to remove a unit volume of rock

i through, for example, vaporization and m ',in& the assumption that no

heat is conducted away, one can calculate the thickness of the layer

SIi ~of material removed in a given time and thus obtains the penetration

speed (See Fig. 5-9). To determine the peak power density N*, one

first considers the current density of the beam at various distances

-13



from the electron beam gun. According t--% multiple scattering theory, 1

valid for particles which lose only a small portion of their energy
when passing through a thickness of material, an electron beam, initially

Dwg. 295&A28

E-1earn

Rock,

dz

loss dueHeathof conduction

=N*/Hsoc/In'

Fig. 5-9 Schematic diagram with definitions for cavity growth rate
calculaltions.
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of negligible diameter, flowing in the +z direction through the gas and

i Li starting at z = 0 has a current density distribution whose z-component

at a distance z can be approximated by a Gaussian in the x-y plane ofSI I
! 'the form:

S(X.,yz) o 0 e Xp x+ ) Acm 2  1z2 112rxz2cz21mz3 2za z

where 10 is the total beam current and where the parameter a is given

by:

/ 1/
a- 2Ze2 n 192w2 1/2 cra (2)k3 z1/3 mc]

Here n is the number of atoms in the vapor or gas per unit volume, Z is *
a weighted average of the atcmic numbers of the elements in the gas, e

is the electronic charge, p is the relativistic momentum of each individual
electron, v is the electron velocity, m is tbe mass of the electron, and

c is the speed of light. For such a beam, the characteristic (rms)

radius is

3 1/2
r r0 - (caz)

which, it will be noted, increases faster than proportionally with dis-
tance, i.e. with the 3/2 power of z. The peak power density, N , found

at the center of the beam, is obtained by setting x and y to zero in
Li equation (1) and multiplying the resulting peak current density by the

electron gun acceleration potential V0 . which even at the cavity bottom

is very nearly equal (numerically) to the individual electron energy

measured in eV.

N J J(0,z)Vo --1--0°V° - 0 Wcm" 2  (3)

3 2 3

W is the total beam power I V 52
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The followitng icfgument give. the penetration roto. Ltf it
ropresents the total heat of removal per unit volumat then it to•,i
necessary to supply the energy 1I dAds (ase 1Vig. 5.1) to remove an

infinites•mal volume of rock from the bottoci of the cavity. However,

the ene'gy entering this volume during the time interval is given by

N dAdt, whiah when set equal to the removal energy, gives the equation

ii H* dAdn " N* dAdt

from which we obtain:

Hdt

Combining this result with Equation (3) gives the penetration rate as a
i ~function of z. !

d- (4)

Integrating equation (4) gives the cavity depth d( z-zo) as a function

of time (again refer to Fig. 5-9).

d 2W t 4 z4 o1/4

d 0 t+z

TH a

Here z is -the dl-tuncs' the beam goes from the poinL where it first be-

gins to scatter to the point where it first hILs the unpierced rock face. i

The quantity a, which characterizes the scattering process and

which is an important parameter in the speed and depth of perietration, "

depends directly on n, the atomic density of the gas in the cavity (see

Equation (2)). This density, which varies inversely as the gas temperature. i)
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tL dIEftcult to preitou theorpttoaLly and Inconvenient to s eeur,
!j ,atUpu•riMOn•Allyt QoR0§quGn~t1Yj 08 A VOilU tQV fto WOUse 0 X ., ;1"

CIm"a (or 2. ?ia x 0( in, 4 1) 11 wwl~ epertmentally determined from

previcous beam profile Oeeuraimeni ma'As at out uutirmary bem voltage

(150 Whk , Tie theoretical eipress{on for a as shown In equation (3)
is uouo howoevero frt IndtCatt d the e"petted dependence of the beam

divrgeivce on electron energy an tookend aterid .• ib gure • S-oQ for

eximple , for which thl above vAlue of ai was neo•d• shove the severe drop

I) ~~it peak boom pover density withi Cavity depth tie oaloultteW using equation
M. The v fig@ r • cutrato) tite sharp lose of power density with the

• dvnearly e ronetn onrgy •oftheIndividOal electrons which siake up ( he
beam.

ii 8evoral remarks can be mado OnoenIU# kthe Intluence cii the

cavity growth of the beam current 1 and the ocuolelrating voltaeq Va

Par estuple, the* quantity a varieo almost Inversely as the square at
the voltage mince (a) pv $u Aquation (2) la nearly proportional to tite

individuni electron energy for voltages up to \, 250 We and (b)t tits

logarithm term In oquatico (2) i• only a slowly varying function of

"electron mow,,'Atum. Accordinglyj since tho total power ts given by Wo

I V 1 the piercing upoed is directly proportional to the beam current

and is r-OmAaly pRUP~oISJW -t SUill k 2~L . USanwn isM .e.*

this relationship shows that the piercing performance of future higher-
power electron beam Suns depends strongly on whether the povvr innreaee

results from raisin$ the current or from raising the voltage the latter

being made more deuirabl, . Figure 5-11 compares rthe piercing speeds

obtained by raising the power through current increase vs. raising

the power through voltege increase. Both curves are calculated using

eqation (3), for which the dependence of a on electron momentum i_

calculated using equation (2). It should be noted, however, that at

high voltages and smIll depths, the voltage-iti.rease curve is too
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opkiateltel 1#V the mm~ttpL. evotwtelg will eventu~ally to reduced to
such ai extent that the 10114 Ot peak OUe denmts i ity VU1 b*M doidmtoa
by the Lattisi) Wis 4t,.teMS aq•ie• elIoflIly, the atmtie tineime
curve to too poixietaltst, tow the peseatatioa vate at highoe power vtll
acteaee wore then &t Idaieted to was Lt ot the increased heMatb of

.,!. ~~~Awo~mt I nIOl~Util,

• 40 - 120

•l .. Power DensIty

I, ioi

N 4

'400 I

Cavity Depth, In

tig, 5-10 Peak elec|tron-bean power density as a function of cavity
depth Into rook ivr a 9 kW, 150 kV electron beam Sun, standoff,
1/2 In% Also shown in tht average etarly vs. depth of a single "1
electron passing through thho vapor ilu the cavity.
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the "Iu to the cavity, With inf'reated see temperature, the as$ density

nii 11 deooea**, the quant•Ity % v0 therefore decrease# and the pen*-
ktieeon rvte will then Linreases

I ¶The piercing speed alse depends on the types of target msterlal

Weks vith higher values of total heat of vaportsatton 0i* will be pterced

I Iftmore slowly. In addition, the quantity o depends on the mate•vial type
through the squiare of the avesage atosto number a (See equation (2)i

LI0

6

iJ

4 

4

U3

Lt;

27 3

Beam P~owr, kWI

Relative piercing speed of electron beam Into rock
versus electron beam power

FIS. 5-11 The dependence on beam power of the theoretical piercing
speed of an electron beam into rock. The two curves
c.ontrast the effects of raising power by increasing
either voltage or current.
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sgain the logarittm term is slowly varying. Since the gas In the cavity

ia mainly vuporiled rock,, the percing rat* according to equation (4)

for a $iven value of H* will tend to drop as the square of. the weighted

average atoi&c number of the rock's constituent materials. in addition,

the gas densi'v n, to which the piercing rate (through t) is inversely

proportional, depends on the gas temperature, which, in turn, depends on

the vaporization temperature of the rock and super heating by the beam.

The theoretical tiime development of the cavity depth, as

given in equation (5), often agrees remarkably vell with which our ex-

perimental data as can be seen by the comparison of the theoretical

curve (solid line) with the experimental points from laboratory tests

made with a 9 kW beas, (see Figures 5-2 and 5-3). We Bet similar agree- U

ment with data taken at 15.9 kW (see Fig. 4.3-14). In each case we get

beat agreement with the gabbro, for which molten material from the walls

readily runs out and allows the beam free access to the bottom of the
cavity. In making these theoretical calculations, we use a value of H*

313.6 kJ/cm for the heat of removal since it fits the gabbro quite well over

a larga range. As a contrast note the substantially higher value for si12

in Table 5-2. The parameters used in the calculations appear in Table 5-3,

From small values of time (much less than 1 seC at 9 kW)

equation (5) indicates that the depth is directly proportional to time.

For large times, the depth is roughly proportional to the 1/4 power of the !.i
time. Our experimental data are mostly from the intermediate region

between these two cases, where the depth appears to vary roughly as the

1/3 power of time.

Remarkable are the absolute values of the initial piercing rate,

as well as the tirst 5 sec. and 10 sec. average, 'which one can obtain

from equation (5) or from Fig. 5-3 and which are listed in Table 5-4. J

Three effects have not been considered in formulating th

theoretical model for piercing: 1) the 4patial-variation of eem~era-

ture, and therefore of gas density, ii the cavity as a result of non-

uniform heating by the beam; 2) the motion of the molten rock within

5-20
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Table 5-2
Calculation of the total heat of vaporization of SiO

(Quantities from Ref. 19 and Am. Inst. of Phys. Handb~ok)

Quantity Value

Specific Heat
Solid • 0.28 cal/g0 C
Liquid ", 0.36 cal/g*C

Temperature of I
Melting 1710 0 C
Vaporization 22270C (2141 0 C at 400 toL..

Latent Heat of

Fusion 34 cal/g
,J Vaporization* 1530 cal/g

Total Heat of Vaporization 2.22 k caj/g [
24.8 kJ/cm.**

S* from Clausius-Clapeyron equation.

** similar to the dotted curve of Fig. 5-32 i x
Table 5-3

'Parameter values for depth vs. time function used to compare theory
with experiment.

Parameter Value

W 9.0 kW, 15.8 kW
331H* 13.6 kJ/cm - 223 kJ/in.
-3 -1-3a1.lOxi0- 3cm- 2.78x10 in.-

Z0 2.4 cm .94 in.

IiapecgreTable 5-4
" Initial pierclg rates in various rocks (from Fig. 5-3)

Rock Type 1st sec ave. 5 sec ave. 10 sec ave. 73.

Sandstone, H a 21.3 kJ 1.7 cm/sec .72 cm/sec .46 cm/sec

Gabbro , H - 13.6 kJ 2.1 .86 .56 4
Sandstone, H - 7.5 kJ 2.8 1.1 .67

Quartzite, H - 2.6 kJ 4.3 1.5 .9 3

9 kW 150 kV beam
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LI
the cavity as a result of boiling and the force of gravity; and 3)

the. variation in beam power density caused by macroscopic electromagnetic I
fields in the beam path caused by the beam's interaction (e.g. ionization)

with the material. With regard to the temperature variation effect,

the assumed Gaussian beam profile, on which the calculation depends,

itself depends on the gas density being constant. However, the gas at

the center of the beam is heated much faster than that near the edges and >I
to the first approximation is therefore less dense; thus the assumption

of uniform density is violated. On the other hand, there do exist strong

convection currents in the cavity together with jets of vaporized rock.

These will tend to break up any steep temperature gradients which form

within the confines of the cavity and may thus tend to maintain the gas

density more or less constant. As for the effect of molten rock, the

thickness of the liquid layer is only a small fraction of the cavity

diameter in most cases. It is true, however, that for vertical cavities

drilled downwards, liquid from the cavity walls does flow to the bottom

where it must be continuously removed by the beam. Experimental con-

firmation of this effect appeared during laboratory tests, where the

depth of vertical cavities reached a maximum limit in violation of the

prediction of equation (5) (See Fig. 5-2). Note also that for rocks

with large concentration of high alkali feldspar the molten material

is very viscous, a fact that prevents it from draining quickly off the

walls and allows the cavity to become clogged and the piercing to

be impeded. Accordingly our calculations are most appropriate for

rock with high ferro-magnesium content, for which the molten rock flows

easily (e.g. gabbro). Finally, we have found no indication of any

macroscopic electromagnetic effects causing equation (5) to be con- " A

tradicted by our experimental data. Discussion of the laboratory tests .j

and the degree to which they support the theoretical calculations also

appear in Section 4.3.2.
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5.3 Development of Thermal Stresses with Time

5.3.0 General Comments

Experimental and theoretical experience gained prior to and I
. ' during the first three months of the prolect concerning the rate at

which electron beams penetrate rock (Section 5.1 and 5.2) has been

applied to the theoretical calculation of the resulting thermal stresses.

These stresses, in turn, cause the rock to crack. To allow for

correlation of the results with experimental data from a then exf.Rtl•

I I ii9 kW gun, the calculations were made for the case of an EBG that. ,,eivers [
9 kW at 150 kV and is 1/2 in. (= 1.3 cm) from the rock face. The ,i!'

of the rock used in the calculation is typical of a laboratory samp".." I
It is a cylinder, 10 in4;hes in radius and 10 inches high. We assume

the beam pierces the center of one of the circular faces so as to give

the calculations azimuthal symmetry. Consequently we can apply boundary

conditions that are convenient for existing axisymmetric,thermal-stress,

computer programs.

Because of the diversity in material parameters among various

rock types, extensively detailed results are of only limited use. Our

interest lies rather in obtaining a semi-quantitative description to

serve as a guide for electron beam excavation. For these reasons we

* have chosen to make calculations for a single, fictitious, yet typical,

type of rock. The cavity growth under an electron beam is therefore

assuemd to be similar to that of Oklahoma gabbro because of our success

in predicting the piercing rate with this rock. The elastic parameters

and thermal diffusity have been chosen similar to Lhose of Dresser basalt

since they seem to be smoothly varying with temperature and have been

rather well measured.20 The melting temperature is chosen as that of
silica i.e. 17000C. 19

To provide the desired information on the time development of the

i! thermal stresses, six separate stress calculations were made. In each

case all conditions were kept the same except that each successive calcu-
lation was made for a longer piercing time. The six elapsed times were

5, 10, 20, 40, 80, and 300 seconds.
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5.3.1 Volume and Shap of Pie CinP. Cavity

If adiabatic conditions prevailed along the wall* ot the cavity

as they do at the bottom, the volume of the cavity would be expected to

grow in proportion to the total energy input, and it would be possible,

with knowledge of the spatial distribution of energy flow in the beam,

to calculate the shape of the cavity in addition to it3 depth. It has * 1
been pointed out, however, that much of the heat to the walls is actually

conducted -away and carried away by flowing molten material, thus making.

energy balance calculations too costly and time-consuming to be practical

for the present investigation.

From experience we know that cavitieb tend to be substantially

narrower than detp, a tendency illustrated by experimentally determined

depth to width ratios shown in Fig. 5-8.

To arrive at a cavity shape to be used in calculations of the

temperature distribution and subsequent calculations of the thermal stress

distributions, we choose a simple model designed to be reasonable yet

tractable. The assuraed shape is a cylindrical cavity with a hemi-

spherical bottom. The cavity diameter is taken to be 1/4.2 times the

depth, a typical value according to the data in Fig. 5-8. The total

depth as a function of time is given by equation (5). Table 5-3 gives

the values of the parameters used in the calculations, chosen to represent

a 9 kW, 150 kV gun with a 1/2 in. stand-off distance.

5.3.2 Temperature Distribution As Function of Time

To avoid lengthy and costly computations required to solve the

time-dependent heat flow equation with complicated boundary conditions,

the following simplifying assumptions are made for temperature-distribution

calculations:

1. For calculating the heat flow into the rock (and therefore the

temperature), the walls of the cavity are considered as a moving isotherm

held at the melting temperature T of the rock. This isotherm represents
m

the solid-liquid interface, the layer of liquid being thin compared with

the cavity diameter.
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2. Of this isotherm, chosen to be a cylinder with a hemi-

spherical base, we let only the base move forward in the direction of

the beam and assume it has a constant diameter equal to that which the

cavity will have at the end of the piercing time under consideration.

lIt this model the depth grows with time, but the diameter does not.

3' The thermal diffusivity is independent of temperature.
-3 2 21

The value chosen as typical for rock is 5 x 10 cm /sec.

With these'assumptions, it is possible to determine an

approximation to the temperature distributed within the rock by a

simplified calculation. Since the piercing speed is considerably

. jfaster than a representative speed of heat flow into the rock, the
heated regions of the solid material tend to be close to the cavity.

As seen from much of the heated region, therefore, the cavity appears

roughly similar to an infinitely long cylinder. Accordingly, for the

j basis of our approximated temperature distribution we use a standard

solution to the time-dependent heat equation for the case of an

infinitely long cylinder imbedded in an infinite medium of constant

thermal diffusivity. In particular, the solution corresponds to the

case where the cylinder is initially at temperature T and the
m

surrounding medium is initially at temperature T . Then at time t0O

it heat is allowed to flow into the medium while the cylinder is

continuously maintained at T . The temperature Tc(r t) in theS~m
surrounding medium at time t and radius r is then given by:

Tr- _2 -U2[J°(u)Y°(Ru)-Y°(u)J°(Ru)d T
c M 0 TrU P[J (u ) + Y 2 u ) ]

0 0 0

2 - -2cbV b
where b is the radius of the cylinder; a, the thermal diffusivity; and

J and Yo the first-order Bessel function of the first- and second-kind

respectively.
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In order to approximate the effect of a growing cavity, rather

than one of infinite length, we next make the following further approximation.

In a plane at each depth below the rock surface, the temperature is taken

to be given by Tc (r,t) where the value of the time used in the solution 4
depends on the depth. Planes at greater depths are then heated for

shorter tiems than those near the outer surface of the rock. Since, by

and large, the cavity bottom advances into the rock faster than the

temperature can propagate, the time appropriate for a given depth is

taken to be the elapsed time from when the cavity passes through that

depth to when the beam is turned off. Thus, this procedure gives a

temperature distribution that is wide near the outer surface of the

rock and decreases in width with depth until it becomes zero at the

cavity bottom. By keeping the cylinder radius constant in time, the

calculation procedure is simplified, as it avoids the complication of

a moving cylindrical boundary advancing into tha heated rock. Specifically,

the heating time is taken to be the cifference between the piercing time

needed to reach the full depth d, at which the beam is shut off, and

the piercing time needed to reach the depth z of the point of evaluation.
Using equation (5) we obtain

theatng (z) 7 irH* (d+z )4 (z+z )4 L (7)
2W 0 0

The cylinder radius used in the solution T (r,t) at the given depth
c

is given by the radius of the full-grown cavity at that depth. In most

cases, therefore, the appropriate radius is simply the radius of the

cylindrical portion of the cavity. However, at values of z approaching

the depth of the cavity, the radius becomes that of the circle cut by a

plane perpendicular to the beam and passing through the spherical bottom

of the cavity.

Fig. 5-12 shows the heating time calculated from (7) for
Ii

various depths z in the case of a cavity which has reached a depth of

4 in. (In this and the following figures the beam direction points

upward to allow compatibility with the existing thermal-stress computer

programs.)
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Figs. 5-13a through 5-13f show the resulting isotherms plotted

using the above model. The cavity boundary is assumed to remain at

17000 C; the isotherms are shown in increments of 1000C. Each figure

represents one of the six piercing times considered in the study. Notice

that the isotherms converge to a point at the bottom of the hole. In

this way, the model approximates the very steep temperature gradient

at that point which results from 'zhe advancing motion of the melt front.

The extent to which the cavity depth Increases much faster than the heat

can diffuse into the rock can be estimated by assuming for the moment

that the speed of penetration is constant. With this simplification and

by use of a one-dimensional approximation, an upper limit (an be cal-
culated for the small distance that heat will penetrate into the rock

at the bottom of the hole. The temperature rise at a distance Az below
23the bottom of the hole will be givea by:

VAz
T T exp -- ] (8)m a

where V is the speed at which the melt front is advancing (assumed here

to be constant), and a is the thermal diffusivity. For V, equation (4)

is used to obtain

Wo

1* 2 n a (d+z
0

which gives the penetration speed of the electron beam for a given depth

d. Combining equations (7), (8), and (9) gives the resulting temperature

penetration depth:

H*2 ff a 2W 0 3/4 T
- - t+z *a In - (10)
W itC * 0T-•., 0
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Fig. 5-13 Isotherms as calculated with thq simple model. Cavity
boundary is assumed to remain at 1700%C. Isotherms as
shown are 100%C apart.
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Via, 3-14 ehow@ plo* oa equaotion (10) giving t•hts oetteata of the* ditmannt
of penetration of theriAl energy nto rook bolow the end of the cavity asU ~a function of PiUOrin time for several velues of temperature under the

conditions listed in Tabl% S.2 for 9,0 kW wi~th as'S x W3~ ONma eo #Aid To*

17004C. The trrow# in the figure deeoLnAte the pits.rdn4 times ahosen
fur the strots c4lculattona that we oubsaquently iowi ev, A* one would

""pact, penetration of the heat Itto the sulid rock tncrteaes with time

r
0.25

N, ,

I 015 1V
ci

0.05 Tm = 17000C -

T = 50, 100, 2000C A. AZ

oflj Time, sec

Fig. 5-14 Distance -.; temperature penetration into rock below and of
•cvity us u funtction of piercing time.
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iid to 1a41,4 tar lower temporatuve tiotiulrm. Contrify to the slmplttytRa

Uitoimsption made tn the above ialaulation, the opeed V 1i not a onstant

but lot to fact, ai decreasini tunttlou of timas Acuardingly, the actual
a Ihoot- pe tiratlon rates at thm base of the cavity will be *yeou slower than~

thoae sivoti by equation (10),

jjI It should bp pointed out that the*@ temperature calculatlons

ovwreotimate the dlatante into % lidock to which the het aetuAly

panetrates, First, the raditus of a rqal cavity utoes, in fact, "pond

with time and at a *peed comparable to the wpead of much of the heat

conduction, in contrast to that of our model whlch has a constant radius.

Therefore, by the time the raduce of an actudl, cavity reeches itt full

s.iet, it overtakos much of the thermal energy that has already diffused

inLO the roch. in our model, however, we have aseumed that the heat

begins diffusing from a point located at thq' maiamum radits of the cavity

and that nwoue of thu heat is overtaken and thus have overestimated the

exrent to which the rock is heated. Second, the thermal diftusivity does
Snot remain constant with temperature as we have ausumed but. for example,

can decrease by a factor of $ as the tomporature goes from 20 C to

600°C. The valuo of diffusivity chosen corresponds to 200oC for" Dresser

basalt or 280°C for Charcoal 4ranite. Yet, for example, with these two

rocks, the thermal diffusivity drops at tlevaLed temperatures (i.e.,

greater than 6000C) to half the value used. Such a drop will inhibit

heat flow from the hot cavity and will therefore also restrict the

distance the heat propagates.

It is certainly possible to improve the model for calculating

the temperature distribution. For example, one could numerically solve

the axi-symmetric, time-dependent, differential equation for heat con-
E duction for the case of a cavity growing in diameter as w•,l as in depth

and for a thermal diffusivity that changes as R function of temperature.

The time development in cavity shape would have to be taken from ex-

perimcntal data, since an energy balance calculation would be prohibitively

complicated, governed as it would be by such processes as turbulence in

both the hot gasses and molten rock, the energy deposition distribution,
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YAPO~~dt~osL OW T be comlotok the@ %mlcltin should 41so incilude

tihe additionot aoviplitatiur of the It latin effect of small crack#,

whitoiA d&rew Il itIr, QauVQd by the Napo thermal oteussa we are trying

to estimate, Such edl•ulationi are beyond the soupe of tho present

investigation,

Thermal stresses iIn the rock were ealcuated using a package

of ftnite-uelt~mt oomputor progr•i• whose details are proprietary,

Anothet programs TLtPHAT, waa used eo pteparo the additional input data

tomperoture field4 stc. for the streso calculations.

Meshes for two of the rune, for 5 seconds (the shortest time)

and for 300 seconds (the lon•gst time) are shown in Figure 5-15. Note

that the nodal points are spaced closely together in the gtisral direction

of the temperature gradtent and are kept rather close togethor In the

region of greoitest interest, i.e., just outside Lhe heaut4 rugiar where

the highest tevlile stresses are expected. Instead of starting at the

walls )f the cavity, the mesh begiws on the 7000 C isotherm, which is

"taken as the temperature at which the roýk becomes plastic.

The program TOWMAT calculates the temperature for each vesh

nodal point and punchaes out the valueo, whicih are then used as inputs

for the stress calculation programs. In addition, to approximate the

variation3 with temperature of the elastl.c and thermal properties of

tho rocks TF.MPMAT makes use of a material type-speLification in the

stress calculation programs and assigns to each eleme.nt a value for

each of the elastic and thermal parameters according t" the average

temperature of the element (see Table 5-5).

Figures 5-15 through 5-19 show the results of the streus

calculations. Four different stresses are shown: (1) azimuthal

tension (0 stross), (2) maximum (tensile) principal, stress in the

r-z plane, (3) azimuthal compression, and (4) min~imum (compressive)

principal stress in the r-x plane.
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Tablo 5-5

ELASTIC AND THEMIL rý,XRAMTERS ASSIGNED 110 EACH ELEMENT
P ACCORD)O TO ITS TEHPERATURZSTwp~rature Coefficient of Young's Poisson

I herMil Mxansl&n XOAM142 i i
0-100 2.6x10" 6  1X10 0.24

100-225 6.0 141 0.23
225-350 8.2 135 0.21
350-475 10.2 126 0.19
475-600 11.2 107 0.145

600-620 11.7 83 0.105

620-640 11.8 64 0.09

640-660 11.9 46 0.07

660-680 12.0 28 0.05

680-700 12.0 9 0.02

Notew These data are simlar to that for Dreasor basalt in

Table 4-4, pago 18 of Ref. 20.

In each of the four cases there are six ploto representing the six plerc-

ing times 5, 10, 20, 40, 80, and 300 seconds. For the plots of tensile

stress, the contours represent 500 tO 10,000 pel in 500 psi increments.

For the atirnlithal compresaive stress, the conto'trs represent 0 (dashed

line) to -80, 0)0 pli in -5000 Tji increrents. And foa the compresulve

I principal strev,4, the contours veprosent 0 (dashed Mi~e) to -76,000

psi in -4000 psi inarements. The directions of the prncipal stresse-

in the r-z plane are more or less parallel to the isoscress contouro.

:
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Fig. 5.15 Finite eltanavtt trianpl3ar mashes% (a) piercing tiae 5 second.,
(b) Pleteins time 36 seconds.
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(c) (d)

Fig. 5-16 Calculated azimithal tension (8 stress) for piercing times of 5,
10, 20, 40, 80, and 300 seconds.
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F8 i g. 5-18 Calculated auzmuthal compreusson for rercing times of -0 10, 20,
40. 80, and 300 seconds.
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(c)

Fig. 5-19 Calculated compression in r-z plane (minimum principal stress)
f or piercing times of 5, 10.,-40, 40, 80, and 300 seconds.
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5.4 Interiretation of Stress Fields

There are several interesting qualitative features of the

stress plots in Figure 5-16 through 5-19.

1. Compressive stresses and stress gradients are many times

larger than tensile stresses and stress gradients, i.e.,

typically by one order of magnitude. (However, there is

an even wider disparity between compressive strength and

tensile strength; hence, the predominant failure nechanium

is failure under tension.)

2. In the neighborhood of the cavity, the stresses are com-

pressive wherever rock is heated. This compression isI caused by the presence of the surrounding cold region,

which restrains the thermal expansion of the hot region.

3. Outside the heated region, the rock is under tension.

a. The expansion o' the hot region along the axis of the

cavity t'-,ds to stretch the cold region in the z

direction. This stress will tend to cause cracks in

j a plane perpendicular to the -' t the cavity.

b. The radial growth of the , auses tension

I ir the azimuthal directi,.:. .. -- ill tend to

cause cracks in planes th;. .;: t:o and

I contain the axis of the ceivit-,

4. Azimuthal tension is greater than tensicn in the r-z plane

at depths down to those comparable to the depth of the

cavity. At depths similar to that of the cavity and below,

tension in the r-z plane begins to exceed azimuthal tension.

Such stresses can pro' uce failure cunfigurations similar

to those olserved in laboratory experiments, namely,
combination of a vertical crack (caused by the azimuthal

tension' in a plane containing the cavity axis together with

i a horizontal crack (caused by the r-z tension), which cuts

through the bottom of the cavity.
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Figure 5-20 (also Fig. 4.1-6) shows the best example

available of this theory. The cavity in this block of

pink Jasper quartzlde is only 2 inches deep (one half the

height of the block), whereas in other cases the cavity

nearly penetrated blocks of this size before splitting.

In these latter cases, the horizontal cracks, clearly

visible in Figure 5-20, could not develop. Moreover, this

quartzite is very fine grain, homogenous, and isotropic.

Note also the fine cracks and the lifting of the material

near the top edge of the cavity.

5. The region over which the stresses act expands with time,

as one would expect. The depth of the stress field exceeds

the depth of the cavity, particularly for longer piercing

times.

6. For each piercing time, the ca'culations show nontrivial

values in the cold 'egion where the tensile stress is many

times greater than a typical tensile strength of rock

('%i03 psi).

Because of the uncertaint, i the temperature calculation, it

was deemed instructive to look at the effect that a drastic change in the

assumed rate of heat propagation has on the calculated thermal stresses

in the rock. Accordingly, stress calculatioas were made for piercing

times of 5, 20, and 300 seconds for whiclI. the thearmal diffusivity was

assumed to be 5xl0-3 cm2 /sec i.e., just half the value used in the original

calculations. The procedures followed were identi.cal to :hose used with

the original diffusivity. The results were similar to those of the

original calculation for corresponding p'ercing times, The isostress plots

had nearly the saie shape in both cases, although halving the thermal

diffusivity reduced the width of the stressed region by 15 to 20 percent.

However, there was on the average no siginificant decrease in maximum I
value of tensile stress calculated for the three piercing tLmes.
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I Fig. 5-20 Fink jasper quart~ite craicked after 9 seconds of piter,ýing
with 9 kW, 150 kV beam (from Ref. 4).

5-41



5.5 Rock Failure

Although thv rock is expoctod to fail under tonnion, it I*

difficult to predict the timu, location, and configuration ot the fracture

surface. In fact, there is actually no unique teivile strangth foro a given ,i

type of rock. As po.Lnted out by Jaeger and Cook (RHf. 24 p. 140), "the

tensile strength of rock is more variable and more influenced by specimen

size than any other mechanical property of rock."

A promising line of reaRoning is based oo the proposition that

the variation in tensile strength with sample sgie dopends on statistcs.

The larger the volume under tension, the higher the probability of

initiating a failure somewhere in the volume. A situation of thia

type can be described by a version of the so-called weakest link theory.

Jaeger and Cook (Ref. 24 p. 186) discuss such a formulation by Weibull, 2 5

which is the basis for the following argument. If one calls AP the

probability that a failure occurs within v small volume of rock AV,

then a probability density dP/dV can be defined as a function of

position and stress such that, for small volumes, the fallure pvobability

is

dP!AP xV A V

The probability S that the whole rock survives with no failure is given

by the product of the survival probabilities 1 - AP of all the volume

elements making up the entire volume of the rock.

i = dI

dV* 1

Taking the logarithm of both sides converts the product into a sulb,

which for the condition (dP/dV)Vi << 1, becomes

,i
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Latttin n to to infinity as AV goo* to iaro corivorta the sum to sli

nte•rilo, and the failurv probability P a I a become#

11 a I - eoXp 1.- d dV 
i

This expression gives the probablity that a failure will ocwur aosiwhre

within the vock, F'or simplieity Wotbull asiukioe a power law (or dP/dV
given in the notation of Ihidion by'

a 0

such that

SSI- 1 fp A( dV1

V

where m and a are constants dopending on the type of rock, and a, a
function of position, is the maximum principal tenasle stress (in psi),
Although Hudson found sa and m to vary eomewhat with volume, it is in-

struative to use some typical values that he obtained from measurements
on rod granite, i.e., Ao ' 2000, a&id m - 6. These values Logether with
the calculated stressas as a function of position and time (from section
5.3) result in plots of probability density shown in Figure 5-21.

The quantity plotted In F~igure 5-21 is actually dP/dA, ite*, the 'IL
I probability of failure per unit area rather than per unit volume and is

more appropriate for a case with cylindrical symmotry than is dP/dV. The

" quantity (dP/dA) AA represents the probability that a crack will occur

somewhere in a ring of small cross-aectional area AA u Ar~s located at

radius ri dP/dA is given by

dP dP
*A 21t r dP
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The contours plotted in Figure 5-21 are for dP/dA ., 10,

100, 1000, 10,000, and 100,000. Panels (a) through (f) represent piercing

times of 3, 10, 20, 40, 80, and 300 seconds, respectively. These results

are for a 9-kWk 1504V beam, with a 1/2 inch standoff distance, The

probability P that the rock will crack somewhere turns out to be essentially

unity for each of the piercing times considered. The cnntotre in Figure

5-21, however, show graphically the points at which the cracks are

most likely to start.IIt is apparent from the figure that cracking commences as soon
il as piercing begins and continues with increasing vigor, presumably until

'• the number and/or site of the cracks alter the geometry of the rock so

much that the streds rellef invalidates the model used for the cal-
culation. By that time, of course, the rock has suffered large-scale

failure, which is the objective of the process. However, the details

of how and when the latRe cracks begin to propagate are not yet under-

•ii stood. The degree to which small cracks formed early relieve the

"stress is unknown as is the effect of these small c.acks being overtaken

I by the advancing front of molten rock. Further study of this subject
will be necessary to determine the extent to which such a complicated

sequence of events does occur. One would also like to know to what

extent such a process would alter the temperature field, and at what

SIpoint the cracks cease to be localized and propogate far from the cavity.

It is pure conjecture at this time, but the occurrence of mac-[ rocracks may have nothing to do with the microfracturing near the melt-

front and is only determined by the heat flow and stress in the deeper

layers of the solid rock. Such a situation would be in agreement with
our observations and the stress field data from our idealized calculations.

.. .
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1 6. MACHINERY AND SYSTEMS TESTS

6.0 Genaz~l Comments

To prevent possible misunderstandings, let us repeat here that

the present contract did not call for the development of an electron gun.

The only part of the contract calling for the construction of hardware

concerned a carriage for the electron gun to make it sufficiently mohile

that it could be manipulated in front of a rock face in the, field.

Construction of the gun itself was started at the Westinghouse Research

Laboratories already prior to the inception of the contract, using

existing components from experimental electron beam welder systems to the

maximum extent possible, and using for the auxiliaries, like for instance

the vacuum pumps, items which happened to be available at the time. The
additional developmental effort on the gun was directed at packaging the

components in such a fashion that a mobile gun would result, which couldI also stand the rigor of outdoor use. one more very essential feature

which was developed and incorporated, and which is not present in the

j electron beam welders, is a long beam transfer column which brings

the beam exit forward to the end of a long arm or long "gun barrel".

It was felt that this feature was essential for a rock cutting machine,

because there is no room for bulky equipment near the work face of a

tunneling or mining operation; whatever room there is, is needed for the

muckitng equipment to remove the debris. In fact, statements have been

made that an electron gun as such is too big and bulky to be combined

with, for instance, a mechanical mole or an auger which would sweep

up the debris which the electron beam produces. Our machine proves that

SI this is not so. We have a functionable, reliable, rugged electron gun

with a long beam transfer column of relatively small cross sections.

On the other hand, neither under the present contract nor under our in-

house development program have we attempted to build the ultimate mocAl

6
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of an electron beam rock cutter.

A description uf how the present machinery looks "from the

ouw.ide" has already been given in Section 4.2 as introduction to the
description of the tests in Stction 4.3.. The following subsections will

describe (a) our experiences in combining the present electron gun with

the mobility equipment, (b) the operational aspects of gun and mobility

system, (c) the safety precautions that have to be taken in view of the

x-rays which are produced, and (d) summary of the experiences with respect

to the performance of the present electron gun in these first tests

made out of doors.

6.1 Combining Electron Gun and Carriage

6.1.1 Problems with ump mounts and vacuum hoses

The electron gun was shipped to the Sunnyvale site in April of

1972 to be mounted on the carriage which has been described in Appendix A.

As mentioned there, certain shortcomings of the carriage drive system

were recognized but not corrected at the time; it was unfortunately

assumed they would not seriously interfere with the intended tests.

The electron gun, which had to be mounted on this carriage, was shown

in Figure 4.2-1. Also visible in this figure are the four vacuum hoses

from the gun to a small set of pumps. For reasons of pumping efficiency

it is necessary to keep the length of these hoses to less than eight

feet. The pumps must, therefore, be placed close to the gun. Mounting

space for this set of pumps had been provided on the carriage; but the

actual mounting frame for the pumps became only available in August 1972.

When finally the pumps were mounted on this frame, the movement of these

hoses was found to be restricted by some members of the frame itself;

additional clearances could not be provided because of the restricted

.pace on rue carriage.

6-2
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After some modification to the mounting frame, mainly cutting

it down so that the hoses could swing freely and unimpeded by the struc-

ture of the frame itself, we ended up with the system shown in Figure 6-1.

j This is actually a view of the gun and carriage from the other side than

the one shown in Figure 4.2-4. It is evident that the clearance be-

J tween the rear of the gun and the stand for the vacuum pumps is marginal,

and that the hoses are flexed to their limit; furthermore, the yaw move-

j •ment of the gun is also ].imited by the hoses. Actually, the pump stand

.17

IFig. 6-1 Vacuum hoses between gun and auxiliary pump stand. Lt had
been better if tLh.. auxiliary ptimp stand would follow the yaw
movement of the gun; as it is, the flexibility of the hoses
Ilimits the yaw angle. The four thin hoses near the upperedge of the piczture are hydrauilic lines'; Ill the Lower right

corner the hydraulic piston motor for the pitch drive can beI6-3
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should have been mounted on the turntable for the yaw movement, so that

the flexibility of the hoses was only needed to accommodate the pitch

movement of the gun.

SIn the lower left of Figure 6-1, a 4" diameter and a 3"

diameter hose connected in parallel lead to the back-up pumps, which are

i shown in Fig. 6-2. Here these two hose lines can also be seen.

Figure 6-3 is another view of gun, auxiliary pumps, and main

(I pumps.

In spite of the somewhat abusive handling of the flexible

vacuum hoses , they remained tight and caused no problems whatsoever.

6.1.2 Operator's Observation System and Control of Gun Movements

In order to use the gun intelligently, the operator must be

able to see what it does. Since a direct view at the working area is

blocked by the necessary x-ray shields, a periscopic mirror system must

"be used to look around and behind this shield at the work area. How

these mirrors were placed was already shown in Fig. 4.2-7 to 4.2-18.

One of the overhead mirror periscopes was located immediately behind the

control panel (Fig. A-9) for the electron gun carriage. But the distance

to the electron beam work area was large; therefore, the picture which

the operator saw was too small to be very useful as Fig. 4.2-13 shows.

We also found that the overhead mirror on top of the cutting area be-

came covered with fine rock dust very quickly and ther by lost its

usefulness. The mirror located on the side and below the actual cutting 1 A-
area as shown in Figure 4.2-14 proved to be the most usefui one.

Remarkably, it never suffered any damage. Th's mirror could either be

3 used with overhead periscope on the operator's stand or in conjunction

with the telescopic periscope in the lead door which is shown in

Figure 4.2-15. To see what was really going on in the cutting zone,

this tel.scope was absolutely necessary. An example was already given

in Figure 4.2-17, A

2", 3" and 4" hoses from PLASTIFLEX Corp., Elk Grove Village, Illinois,
60007.
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It proved not possible to control the gun position and move-

ment entirely from the operator's stand. For setting the standoff

distance, for Instance, prior to any cutting, another man had to go close

to the gun and direct the operator by hand signals to move it forth or

back. The various positions of the gun carriage could not be read out

on any dial setting or counters etc. This would have been very useful.

We also found that the carriage once set to a certain position,

would not remain there but because of pressure changed in the hydraulic

3 system would move slowly forward in the X-direction; the yaw angle would L
also change, partly in response to the pull exerted by the flexible

vacuum hoses, and because the hydraulic actuator system did not permit

the settings to be locked. This had to be done on a makeshift basis.

It has already been mentioned in Appendix A that the speed setting

required the fine adjustment of a hydraulic valve. Resetting these

valves for a predetermined speed proved time consuming. On the other

hand, thes,. settings had to be changed oft.en, for instance, if after

n. cut at slow speed the gun was to be moved to another position quickly.

It was not possible to obtain a smooth horizontal traverse.

The ci&rn drive introduced some irregularities with a pitch equal to

the length of a link of the chain. Besides, the horizontal movement

excited vibrations in the yaw movement; the latter had a particularly

soft response and the suspension system of the gun did not go through

the center of gravity so that every horizontal push also produced a

moment around the yaw-axi'.. The faster horizontal traverseswhich we
made, and which are described in Section 4.3, therefore give the

appearance as if they had been made by a sewing machine. As a con-

sequence, in none of our tests could we attempt to make a real spall-

cuts where it is very essential that the correct speed and power [j
setting are closely maintained, as explained elsewhere.

If the gun is set at any one yaw or pitch angle other than

zero, then the Z-axis and the gun axis are no longer parallel. it is
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then no longer possible to move the gun in and out parallel to the

axis of the beam. From a purely practical point of view, a small

movement of the gun in the direction of the beam axis, whether it is

I tilted in the yaw mode or in the pitch mode, would have been very useful.

Within the narrow confines of the shielding walls it was not

I readily possible to move the main carriage for the electron gun, although

it has three wheels and was sitting on a concrete floor; a small tractor

5 or similar vehicle for pushing the carriage could not be brought into

the confines of these walls. However, since the X-movement of tnu gun was

SI limited to 3 feet, it would have been advantageous to quickly relocate

the main carraige by a few feet.

• iThe wheels of the main carriage had no breaks. Therefore, when

a Z-movement of the gun was started, for instance to retract it from the

rock face after too much debris had built up, the main carriage started

to rock and longitudinal vibr !ons were induced in the drive system.

Once more, it was noL possible from the operator's station alone to

reset the gun to the proper distance.

"The above mentioned bhortcomings of the drive system and the

operator's control must be corrected before the system is taken to the

field for further test'..

For any fuLther tests, a closed-circuit television system

should also be installd which shows on a screen above the operator's

console wb-At is goin6 on in the cutting region.

6.2 Sh:.elded beam catcher for nlignment work on the electron gun

Tf the electron gur. has been shipped to a now test site,

for instancw from Pittsburgh to Sunnyvale, or if for any one reason

the transfer column has been dismantled and reassembled, certain

alignments have to be made to the gun and its magnetic focusing

lenses, which are not critical but nevertheless, necessary. For these

alignments we have not installed any remote control devices; st present

they consist of several knobs and set-screws on the gun column.
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Since thebe settings must be made under power, the gun column must be

shielded against x-rays, as indeed it is. Furthermore, we need a

beam target which is coupled to the gun column in such a way that'a

continuous x-ray shield is achieved. A simple lead box with a water-

cooled beam catcher of copper is actually all that is needed. The

photographs of Figure 6-4. show the gun coupled to such a lead box.
It is now possible to stand directly beside the gun column when the

beam is fired into the shielded catcher, and make the necessary
alignments. A close-up view of the front end of the gun facing the

shielded catcher, is shown in Figure 6-5. A description of the kinds of

aligrment which must be made will be found in Section 8.3.

We needed to make these alignments only once, when the gun
was fired up the first time after shipment to Sunnyvale. Throughout all

the tests at Sunnyvale the beam transfer column was never opened, and

the gun itself only opened once for in exchange of cathodes, hence no

realignment was ever necessary.

6.3 X-Ray Safety

6.1.0 General Comments

Where fast electrons are stopped (whether the beam goes into

air or whether it hits a target like rock) x-rays are produced. X-ray

shielding is .li understood and easily accomplished. Very sensitive

SI and reliable, Yet inexpensive alarm device.i are available to warn oper-

ating personnel of the continuous or occasional presence of x-rays.

They can be interlocked with a beam-off switch. When the electron beam

is off, there are no x-rays and no residual radiation of any kind. This

fact emphasizes an important difference between radioactivity (and the [1
associated long-term internal accumulation of radioLsotopes by biological

systems) and x-ray production, which represents utly a temporary (external)

condition, against which one can guard oneself.
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Fig. 6-4 Top: Vituw along the right side of the gun and carriage; in the
foreground the lead box for the shielded bewn catcher; In the
background thle main pumps.
Bottom: Gun coupled to the shielded beaml c'atcher in its lead box.

6-9
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Fig. 6-5

Gun facing water cooled beam catcher F inside of lead box 1-. Mien box
is closed the operator can stand beside thu gun running at full power
and, through lead glass windows, observe beam shape and alignment; the
gun proper is completely self-shielding. M is the lead shroud which
stays on the gun. A lead-room is not required to assemble and test the
electron gun. In this picture the copper/molybdenum shroud has been
removed fr'jm the front end of the gun to make the small round viewing
window accessible, which permits seeing the beam inside the steel.
chamber S.

6-10
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j ~~~~AlthoughI X-rrray# are tho ImWjor d a tit~ oi n
myntom, thaidlod with pr.,ipor mindoruwindiinA ti hy roi mw•'o an

than a datiger, Tito followltl onig otm t itolnlt, A ommary o• tho isajtur

coo do'at lon* in x-ray watwty And im aio'ounL o tuit (1Activittta in
Sthls t luldll( tiVol,

A# otflnod by tho C4llfornto Ridiation Control IRagulation$,*

tho ele•troun hmam gun falld into th# aatoory of "radiaton producIng

machine" •ant, thoerororu, rb rellotertid with tho Stato Dopartmant

of Public health, Public 11oa4th Vep*ArtMnt Mithorrittle have heun

contactodregarding regittr•tlion roquiromentia, State reaulatLons also

govern auteh itom imt radiation proteution, warnitg aill marklngla,

person'nel monitoring, otc. Compliance with tho11 regulations posedKno d ,ff cul tion.
Some of th u ridLatlon surveys which wQ hmer performed (Section

•.6.3,.4 4nd 5) were conducted in conjunction with pvtrbonnvl from the

California State Dept. of Public Health,

(1,3,2 X-Haj dencratioi Lamws

Much haN behn written on x-rity thielditn, and unfortunately

much of it is very confusig. Tt sec.,ms Justif tEd thereforo to give

horn a concise su•mmary of x-ray facts, because the user of the electron

guns h;in to live with and understand these facts, Filg. 64a6 shows the

Spectrunt (waVlengthg or Nardneea distribution) ot x-rays generated by
olectrons of difforoeilt energy (voltage) on a tungsten tarlaet, The
smooth curves depict what is called the bromastrahlen-spectrum generated

by the stopping of thu eluctLronsU thie littlie peaks are charccterisuic

California Radiation Control Rogulations, Title 17, Public
IHealth, California Adminstrative Code, Chapter 5, Subchapter 4, Sections
30100 through 30397.

Legal Exposure Limits are listed on page 6-17,
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spoetval lines of the tungsten, the sehntost wavelonsth (gretoltn

U
hardneas) of th. R•rsutf!,len-cury to given by X l• ,W / AngSrwom)

(for Notin W.) Pis, 6-6b shove how the spoetrum from a 200 kV source
te modttied by a copper absorhor of various thickneos, Fig, 6-6c and

d show how the speotrum and thu total intensity of the x-ray* are

difforent for different observation angles with respect to the olectron

beam direction,

Am for tho effect which the x-ray# have, for instance on man,

it ts not the onoiry flux in empty apace that Qounts, but rtther how

much of it io absorbed, Thio absorbed part is call tl~e "dose" and to I
measured in wade (*ymboli rd), tho dose per unit time is measured in

reds per hour (or rd/h) etc, One rad is 100 elasl, U
When correcting for differing effects on various materials

of the human body by various types of loniting radtation one replacen

doses in rade with "does equivalent" (WE) which is measured in rem.

Government imposed limits on acceptable doees for workers are expressed

in rem, For x-rays rad and ruai are essentially equivalent. An additional

simplification is that tor purposes ot shielding safety the dose rate

In rom per hour can be taken to he ritmerically equal to the exposure

rate in Rontgoenu per hour (W/hr) as measur,,d by an x-ray exposure

motor, as they are commercially available,

One must know the totul x-ray energy flux (e.g. in Watt/a 2t

and the spectral distribution to predict what the done exposure rate

in R!hr and ultimately the DE will be, The convvrion fantor a Croam

W/m2  to R/xec is given by the curve in Fig. 6-6e,

To assess a given sicuatlon with respct to the required pro-

cautton and necessary shielding, the most Important quantity we need A
to know Is the total x-ray energy flux (in all directions) generated by

a Viven x-ray tube or electron beam target. This amounts to asklng

for the conversion efficiency from electron beam energy to x-ray

I Angstrom 10- 8 cm
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energy, which is given by equation (1) below, Fortunately, under our
conditions the conversion efficiency is low, in the order of 1%,

After looking at the various aspects of x-ray generation
depictod in Fig. 6-6 it will be appreciated that it is not an easy

task to make an accurate prediction of the x-ray dose which one will

find around on electron beam target, but a good enough estimate can

be made as follows:

Efficiency of x-ray generation by an electron beam:

Wx Energy flux in the x-r.ays (total) ZE (1)
0W Energy flux carried by the electron beam 0o

Z - atomic number of target substancelfor

< 1 MV one finds na (l+.3)xi0" 6 hence:

n-Zx~x -61 (.E in kV)(1)i

At I m from the source the energy flux density F is 1/4w the total
x

x-ray energy which is generated (assuming a uniform spherical distribution

but see Fig. 6.3-1d, hence: ]

1 -2FX = r n Wo W m (at 1 m from the source)

(W° is the electron beam power in watt).

This flux is inversely proportional to the square of the distance,1
considering the target area as a point source.

The absorbed energy per cm3 per sec and the exposure rate R

(R/sec) are not only functions of the energy flux Fx but of the quantum

energy (or "hardness," or "voltage") of the x-rays. The approximate

6-14
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relationship is given by the curve in Fig. 6.3-le where a -.F /Rx

W m2 /R sec -1 Hence:

Rx . P .. nWo R./sec (at im) (3)
X a m-2/Rnw

In the range of 70 E <200 kV an average value of a 3 W /R sec
may be used. .(The dimensions here may seem confusing, but the Roentgen
implicitly contains the area already in its definition, just as the watt
contains the time).

I If we measure the electron beam current I in milliampere and
E in kV, then W - IoEo; hence we may write for (3):
0 0 00I no 2 A -1

Rx/1 - - ZE R mA sec-I (at I m) .(4)xo 47ra 0

with no v lxlO-6 and a - 3 this gives
S2 m-1 -1

R/Io M 2.7x10O8 ZE 2  RmA sec (at 1 m) (4)x 0 0

We can now calculate the expected x-ray dose for our situation from
either (3) or (4). It will strongly depend upon the atomic number Z of
the target material. Let us assume a "worst case" situation, namely

_ a tungsten target with Z - 74. Then, with E0 = 150 kV we get from (4

R/I / .045 R mA 1sec 1  (at m)

-2.7 R mA" 1 min (at lm)

I A 30 kW beam of 150 kV carries I - 200 mA, hence it produces an x-ray
flux of

Rx - 540 R/min (at lm)

- 32 400 R/h (at 1 m)

This is the x-ray intensity against which we have to provide proper shielding.
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6.3.3 X-ray tolerance levels-and shielding

(a) Tolerance levels: Li 1
The x-ray dose which people may possibly receive from any such i

source as the e.b. rock cutter must stay below a certain tolerance level, V

which.is established by law.

Confusion often exists because of the fact that the law says
actually nothing over which period of time the tolerance dose may be

accumulated, except that it is given as a 13-week average. Therefore
the x-ray intensity in a normally unoccupied although accessible area

can, without danger, be higher than, say, at the permanent operator's U
station of the machine.

The legal limits are listed in Table 6-1.

Note that if 1.25 Roentgen may be accumulated over a period of

13 weeks at 5 working days at 8 working hours, then the maximum per- i
misuible continuous dose rate is

R - 2.4 mR/hour

The operator's station should not normally see a higher x-ray flux, but

even a lOOX increase for 1. minute once in a week is still harmless.

The instantaneous x-ray flux was, in all our tests, measured

by proper instruments, for instance a Victoreen Type 440 survey meter. [j
Each operator also had an audible sensor and alarm device and carried a
film badge for the registration of the accumulate.4 dose, and wore a

low-energy sensitive dosimeter. (See also 6.3.5)

The x-ray intensity produced by the machin, (See Section 6.3.2)

must be attenuated by proper barriers or absorbers to a value of/or

below the tolerance limit, whereby the hourse of use etc. can be taker.

into account,

6-16
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Table 6-1 Legal x-ray exposure limits.

MAXIMUIM PERMISSIBLE DOSE IMPO) VALUES OF THE NATIONAL COMMITTEE
ON RADIATION PROTECTION (NCRP)

Annual MPO 13-Week /PO
Organ of Reference (rem)' (rem)'
Whotl bady 5 3
Heed and trunk 1 3
Active biood-forming organs 5 3
Gonads 5 3
Lens of the eyes 2 10
Skin of whole body 10 6
Hands and forearms 75 25
Fbe and ankles 75 25

For each organ of reference listed, the NCRP states that the annual MPD may be
exceeded at any time provided the 13-week MPD is not exceeded, and provided the MPD
total, to the organ in question, accumulated at any age, shall not exceed the annual MPD

p• multiplied by the number of years beyond It
The radiation levels to uncontrolled areas shall be such that It is improbable that

any Individual will receive a dose of more that 0. 5 rem in any one year.

L OCCUPATIONAL EXPOSURE LIMITATIONS OF 10 CFR PART

ii ~13-Week mit
SOrgan of Reference frem)l

Whole body 1- 1/4
Head and trunk 1-1/4
Active blood-forming organs 1-1/4
Gonads -y1/4
Lens of the eyes 1-1/4
S Skin of whole body 1-1/2

Hands and forearms 18- 3/4
Feot and ankles 18- 3/4

The annual limit in each case is simply four times the 13-week limit. An Individual
may be permitted to receive up to 3 rem In any 13-week period, and hence 12 rem per year
to any or all of the first five organs of reference IIsted, provided the total accumulated •cc-
pational dose to the whole body shill not exceed S rem multiplied by the numbers of yoars
beyond K8. In order to use this rule, an eesploysr-must first datermine the individual. Uft-.
time occupational dose.

The riation levels In unrestricted areas should be such that they are n0t lIkel toI
cause any Individual to receive a dose to the whole body in any calognar year that is inI exess of a. I rem•

IFor X-rays the rem (roentgen-equivalent-man) 11 equal to the roentgen.
2This limit applies to radiation of low penetrating power such as electrons and low energy

X-rays (under 50 kV)

3 United States Atomic Energy Covmnission Code of Federal Register, Title 10, Part 20.
"Standards for Protection against Radiation," November 1960.

4 For X-rays the rem (roentgen-equivalent..ma) is equal to the roentgen.

6-17<I
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(b) Shielding of the primary beam *-1

To what extent various maerials will block or absorb x-rays

is shown 4ni Fig. 6-7 a and b. Practical considerations suggest using

either lead sheet or concrete blocks for shielding, but earth, sand,[
gravel, granite boulders etc. may very well be used if locally readily
available. [!

For shielding design we can assume that the operator is at least
2 m away from the source (see Fig. 4.2-6). The atomic number of the
target is not 74 (tungsten) but lower, since the major constituent of
rock is silicon with atomic number 14. The unshielded beam would then
(following the calculation in Section 6.3.2) generate an exposure rate
at the operator area of 3600 R/hour. This must be reduced to 2.4
mR/b by proper shielding. The required factor is obviously l.5x10 6

which is equivalent to about a factor 2 12, or 12 "half-value layers"

of shielding material. Frot Fig. 6-7a we see that for 200 kV x-rays
the half-value thickness of lead is .050 cm; a lead barrier of .6 cm
will therefore provide more than adequate shielding, since we are not U
even working with 200 kV but only with 150 kV x-rays. The shielding
box for the beam catcher shown in Fig. 6-5 is made of 1/4" lead sheet,
and was always proved adequate.

If we want to useconcrete for the shielding, we see from Fig. .

6-7a that its half-value thickness for 200 kV x-rays is 2.5 cm; again
we need 12X this thickness or a total of 30 cm. The walls of the.T

radiography room at Sunnyvale were much thicker (see 4.2-6).

As a cross check for the above calculation, or instead of it, i .

the x-ray flux from a tube operated at a certain voltage and current,

and attenuated by shielding of various thickness may also be obtained
from graphs published in N.B.S. Safety Handbook #93. (Ref. 15), if.

extrapolated to our conditions.

6-18
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HALF-VALUe THICKNESSES FOR VARIOUS MATERIALS

SGamma
Energy (MeV) 0.1 0.2 0' 1.0 2.0 5,0

SMaterial Half-Value Thickness (era)

Aluminum 1.60 2.14 3,05 4.17 5.92 9.11
Iron 0.26 0.64 1.07 1.49 2.09 2.84
Copper 0.18 0.53 0.95 1.33 1.86 2.47
Lead 0.012 0.068 0.42 0.90 1.34 1.44
Lead a 0.024 0,050 0.31 0.80 1.20
Water 4.14 5.10 7.17 9.82 14.05 23.02I • Airb 35.5 43,6 61.9 84.5 120.5 195.8.
Concrete' 1.75 2.38 3.40 4,65 6.60 10.28Concrete' 1.75 2.54 3.26 4.51 6.12

S' These are half-value layers for heavily filtered constant-potential X-ray,.
"For air, distances are given In meters and Inverse-squarc-distance effects are

neglected.
Average concrete density is 2.35 g/cm.?

H] Fig. 6-7a

loAit 'lm
0% u i \/ Al in

.and c ncwowIIa 0.1 mn m • ',.' .'

0.05

0,02

0.01 0.02 005 0.1 02 0.5 1 2 5 10
Gomnka-tay onwgy (M#V)

. 1) as.absorplIon coci1iclents. (Prom Radiolo4•na Health HandboA,
pp. 144-1 $0.)

I Fig. 6l-7b
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(c) Shielding against stray radiations

It is not necessary, and in our rock cutting operation not
Si Ialways possible, to enclose the work area or x-ray source completely and

hermetically with an x-ray shield of, say, 1/4" lead. On the other

hand, it is not sufficient either to have only a barrier between the

x-ray -urce and the operator. In this case, scattered x-rays may

4 reach the operator's station over and around the barrier. The work
area at Sunnyvale was open at the top. If any part of the primary

x-ray beam would pass over the shielding walls then the back-scatter

from the air alone would be enough to increase the x-ray intensity

at the operator's station and in the surroundtLng area to above the

tolerance level. While, as we have said, the x-ray shield must not be

hermetically tight, it must nevertheless intercept the primary x-rays

in all directions. Back-scattering from the air is sometimes called

"sky-shine." Worse than this sky-shine is the back-scattering of the

primary x-rays from any more solid object which lies in the range of

the primary x-rays and at the same time in the field of view of the

operator.

We had initially provided a horizontal sky-shine shield consist-

ing of a 1/4" lead panel backed up by a plywood frame and suspended

over the work area. This is shown in Fig. 6-8a. However, since the

concrete walls of the work room were rather far from the test specimen,

some of the primary x-ray radiation could pass below the sky-shine

shield and ,t get over the concrete walls. Consequently the scattered

radiation in the surrounding of our work area became intolerably high

at full beam power. We therefore had to provide additional side

shields which also consisted of 1/4" lead bonded to a plywood frame.

Fig. 6-8b shows how such shields against stray radiation must be set up

properly, The essential point ts to intercept the primary x-ray beam

in every one direction.

The primary x-rays travelling towards the electron gun must

also be intercepted. The Sun itself does intercept part of these

x-rays; however for operation at full power we found it necessary to

6-20
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WoodFro them Framen

Scatered . .. X-ray ,. Concrete
Radiation and : \sources i' walls
Flurescentce, (a)

Additional Lead Panel
here or here

Work Ari

Gun

4c)
ltock t ,7,~= had Shield of Gun

Lal PfIO~
Fig 6-8 Proper placement of barriers for intercepting all of the

primary x-ray*. (a) Not all of the primaries are intercepted
and some "sky-shine" is produced. (b) Proper placement.
of additional barriers. (c) Lead panel as back-stop suspended
on the gun,"Gelphaat ears.",
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attach a larger lead panel to the gun, as shown in Fig. 6-8 and also

in Fid. 4.2-10. Such a shielding panel will not interfere with the

movement of the gun because it can be hinged and therefore will swivel

and keep itself parallel to the rock face when the gun is adjusted under

an angle other than 900 to the rock face. There is nothing difficult

about it once the principle which one has to follow is understood.

For work underground or in a tunnel the rock of the wall will
provide complete shielding and only a back-stop on the gun would be

needed plus some local shielding for the operator.

Secondary scattering of the already srattered radiation usually

does not cause problems, because the intensity is low. Yet a final

check must always be made in the form of a radiation survey using properly

calibrated instrumentation.

6.3.4 Measurements in the primary beam

Considering the approximate nature of the x-ray flux calculations,

as explained above, we felt some measurements should be made on our own

machines, which differ from x-ray tubes in that they have no "window."

Two series of such measurements were made, one at the e.b. welder in-

stallation in Pittsburgh, one at the installation in Sunnyvale. The

latter survey was c. ducted in conjunction with Mr. K. Wong of the
California State Dept. of Publip Health, on October 26, 1972. Certain

differences in the conditions existed, insofar as at Pittsburgh we

measured the x-ray flux inside a small shielded room using electronic

instruments; at Sunnyvale, we used film badges and the work area was

rather spacious, hence back-scatter conditions were differant.

The following is an account of both studies:

(a) Direct-X-ray intensities from non-vacuum e,b. gun (at

Pittsburgh) June 1971.

Radiation rates from x-rays produced by the 9kW non-vacuum

electron beam welding gun have been measured with the view in mind of

specifying the amount of shielding required for the 36 kW rock cutting

6-22

n-.



i i ~~~~~~~~~~~~~~.. ... .... .... ....... . .......... .... .. . ...... .... ..... ... . ... ... .... .... -.. . . . .

machine. A Nuclear Chicago model 2588 Cutie Pie meter with a model

2520 ion chamber served as the x-ray detector and was used in the in-

tegratlon mode. The electron beam gun operated at 150 kV and produced

a 1.5 mA beam, which was directed downwards at a target which was per-

pendicular to the beam and 0.8 in. below the gun muzzle. Two different

target materia±s were used: tungsten and aluminum. In addition)

measurements were made with no target in place, in which case the electron

beam was dissipated in the atmosphere. The detector was positioned in

a plane which was perpendicular to the beam and 14 cm above the target.

The detector to target distarce was 100.0 + 0.5 cm.

The ion chamber of the detector had a thin window so as to

permit detecting low energy photons. It was possible to cover the

window with a plastic cap (beta shield), which substantially reduced
the sensitivity to energies below about 20 keV. However, for energies

greater than about 25 keV the sensitivity was independent of photon

energy to within about + 5 percent and was also independent of whether

the beta shield was in place or not. (The calibrations, given by the

manufacturer, were made with the axis of the ion chamber pointing toward

the x-ray source when the shield was off and with the axis perpendicular

to rays from the source when the shield was on. In our tests we used

z thu appropriate orientation depending upon whether the shield was on
or off.)

To simulate approximately the conditions described in the

N.B.S. Safety Handbook , we took one measurement with a 1/8 in.-thick

j aluminum plate between the x-ray source and the detector. Thus we

filteced out much of the very low energy radiation in a way which allowed

us to compare our measurements with the handbook values, 1 6

As a consistency check on our procedures, equipment, and

theory, we made one measurement at a distance of 71.0 + 0.5 cm, which

is a factor l/r2 closer than 100 cm. As a result the radiation rat*

roughly doubled, as one would expect from the 1/r law. (This law is

I m•u4. use of the shielding specifications given in the N.B.S. Handbook.)
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Thtj following table summarisom the x-rey oxpoouro rato moituro-

ments according to the various conditions. The ratoo have boon scalod I
down by a factor of 2/3 to correspond to a beam current of I mtA rAth•r

"than the 1.5 mA actually used. 4
Note that installing the beta shield cuts the measured exposure

roughly in half, a fact which indicates our x-ray upectrum is strongly

peaked in the region below 20 keV. Note also that the proportionality

between the x-ray exposure and atomic number of the target material,

while approximately satisfied in comparing our data for aluminum and air,

breaks down in the case of tungsten. Theoretically one might "xpact the

rate for 4ungsten, based on that for aluminum, to be 2.07 x 74/13 1
11.8 R/mA min, rather than the 5.72 R/mA-min actually measured.

This measured value is just 1/2 as great perhaps because of self ab-

sorption in the tungsten target (the mass absorption coefficient for

tungsten is 30 to 120 times as large as for aluminum, whereas tho

electron range in g/cm2 is comparable for the two materials).

X-Ray Exposure Rate Measurements; 9kW 150 kV electron beam gun operated

with target in air.

Measured Exposure Rate
Target Material R/mA min

at 1 m di.ta.ce at .71 m
1 2Tungsten (Atomic Number 74) (9.85]1 5.72 [1.46] 14.1

Aluminum (Atomic Number 13) - 2.07

kir (Average Atomic Number 8) [3.201 1.60 ' -

1) Detector without Beta-Shield.

2) 1/8" Aluminum filter in the path of the x-rays
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r 00 i thi other hand th* thoor(Atied v*1u os a4oo00 tng to .qn, (1) and (4)

Section 6.3.1 are loweri they orreepoand to adateto1n ftitorei by, perhaps

1/16" aluminum, but e•uot dtacrepe•n•i o con•ernAng the voftt ind of the

p tradtiton via trum are of tttlo consequona for the shielding rtequiremonts,

With roeroi'noe to th# table ti. mateur.41 m-ay oxpoauro pro-
4L duved with toie tunasten Largot, when flltered through 118 in. of aluminum,

is very CIose to the value ('001A) •iven in the .BS, Htandbook16 for

pulsed x-ray tube with a 3 ami olumiuw filter but operated with a peak

voltitg of 200 kV, Sh hllin,& for 200 OVp As probably adoqoate for our

Scase of 150 kV dQ afii-o 'he higher asauniod peak voltage in the pulsed

wavofo,'m case tends to 'ompen*#ta for the highier average voltare in the

,1 , do c ,iea . Using out u &u L wiLlh tit# ij" UA target, (worst caue

sitwLtiun) and the atluminum shield wo calculate .hat tho 36 kW gun,

running at 240 mA, wit) pioduco QxI0 R during a 40 hour week at a-. distance of 1 tit, Etrapolating the 200 kVp curve given in Fig, 17 of

the HDS , landbook wo find th"ý 10 nii Pb .htieldiig reduce. this tadiatlon

by 4 factor of 10 , thu'i bringing the dose level fot" an operatoir,

working as closa as I ci from n,.e work area, to a value of 80 mr/week,

which Is betlow the standard accepted value of 100 mr/week. Actually,

a 10 pmi thicknoso of Pb given much more than skifficient ahieldInng

and serves here mainly as an .iiample, for in practice the operatorfil' will be mote than 3 mu away, observing tho work area with a telescope.

In addition, the %-ray intensities will be generally lower than what

our r, easurementc would seem to indicate since the beam penetratIon

into the work piece during cutting and welding will result in signifi-

[ cau' self-shielding. The x-ray intensity when cuttinb rock will be

reduced still further since it in composed of materials typically with

atomic number between 8 and 20. Such radiatio. a.ore nearly corresponds

to that from .',he Aluminum target rather than the tungeten one. ij

(b) Direct beam mieasurements at Sunnyvale

The gun uas operated at 150 kV 70 mA (10.5 kW), facing the

granite block in tte stationary piercing mode with an initial stand-off

I
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dipLtmouo o.f 1,V,. (Ator a short time a plrietat cavity developed,
"",produa A , *W -ohieding effect), FiWlm ed#a woev plated rt various

• laoitiono . tdentAtIod In tiht llolowitn table.

beall • mm 4inpg~luon• ixp•,ura (m4,• H l'tm t

01 24'a (.63 we) ' 4500 0101~

, - 1,% ;O (1,.94 a) 3 1700 0.032

-019 76 1 M 130 0 l HS

-UO 156 4 3 1

Ho'dge numbor 759-009 and 759-020 wre ohlodod by the "olophant evtrs"

Un the ji n column. All other badges were exposed to direc radi1aLlon.

for the timo indicated.

Several points are obviouat (i) the badges from behind the

Iona ýsael on the Sun (the "aelphant ears") indicate a very low flux of

scaterod radiationj a tan could safely stand behind such a wirgle lead

shield barrier tot sov,ral minutes. (it) The "Unit-Exposure-Rate" pro-

ducod by the direct beam it 10 to 100 times IM than predicted theo-
rotiUally or based on the measurements at Pittsburgh•, The reason L3 ij
aelf-shelding of the bp~m, or rather the x-ray generating region, in

and below the ronk face (plerclng processi not prepent during the ii
measurements ot Pittaubrgh using a low pow.r beam), For both film

badge locations the 3 min exposure produced twice as high a "Unit

Exposure Rate" than the 45 tuin expocurv, since the self-ehielding effect

iticreases with the depth of the cavity, i.e. with time. Regrettably,

a 5 sac exposuro was not made; its results would be really interesting. I

(iL) The l/r 2 -.1w ie not fulfilledi probably some scattered radiation

contributed to the measurementr or 'he self-shielding effect was different 4 ..

in the different directions vheW e the film badgas were placed.
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rmttwv,,A•tIo th x-•ray gnoration by tho ruck outter olactron beam; melf-
ohlolding to cloutirly dnmonwtvotod, ia offuctiva, and 'redu oeshillelding

roquironment to aomo "tatit. Oit oven without It, any radiation Oh

.t produced can be chielddl confined readily.

I '

Initially we had only a sky-shine shield as shown in Fig. 6-0a.

Starting the Sun at low power revealed tUoediately the presence of ex-

tov sthay rigtandletiof. thne additibonak eand pa signgel.wr placed
• • on the Sun a*s hown already in Fig. 4.2-4 and oth®er. Thus a11 tho I

L ,• primary x-r-ays were Intercepted as indicated in Fig. 6-8b and c.

6.ince we needed a beam catcher for quickly measuring the

curkauit L) just moving the Sun up to it we suspended a steel plate in

front of the rock as shown In Fig. 6-9. Firing a beam at It from a
lurge distanc' so that it would not molt revealed that we had lost so

wtuch solf-shielding by the nearby gun that radiation levels bucame too

high ai. full beam pow,,; besides, the plate melted anyway. The simple

remedy consisted in using a beam catcher with a deep hole into which

the beam is fired, and with a wall so thick as to absorb all internally

generated x-rays. A steel cylinder at 6" O.D., 2" I.D., 12" long

was used; it is shown in Fig. 6-10.

(b) Fia adiation sury..v

Before regular opei, ions started a fitial radiation survey

was taken. Fig. 6-il shows how this was done. Radiation intensities

measured at various locations are shown in the plan view of Fig. 6-12

and 6-13.

Radiation levels increased when the stand-off distance from the

rock was increased, but not beyond the tolerance levels.
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Steel pbaLe at 6" stand-of f
M dlistance will not stand up to

full beam power; besides, this

target configuration producesK the strongest x-ray flux
because self -shielding is at
a minimum.

The steel plate is partly punc-
tured; some electrons reach the
rock behind it which begins to
fluoresce and later to glow and

spall.

IA
The end result Is a

p 4  hole in the steel
plate, and a spalla-
tion crater in the

Fig. 6-9
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Hollow steel block, 6" O.D. with 2" dia. hole 10" deep, will get red hot
but will not melt if beam is dissipated in the hole. The gun can be
moved over to this beam catcher quickly for a tune-up of the transmission

* current and back to the work face. This catcher is self-shielding and
x-ray flux is minimal.

11-

A.

If the beam is misaligned the catcher will melt. The deep narrow melt
trace in the right picture is another proof that Lhc beam stay6 confiued
for a considerable distance, even in the atmosphere.

_ Fig. 6-10

I .
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A radiation survey is taken; where pe.ople walk the radiation level. is
much less than the 7-hour per day 40-hour week permissible dose rate;
the radiation intensity which comes over the wall is higher, but still
not dangerous in case of a short exposure, because the direct beam is
intercepted by local lead shields.

Fig. 6-11
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Owg. 7240332

WUILDING 41

Radiation Survey taken with 00G Directed Into Steel calibration cup.
Survey conducted with Victoreen 440 instrument (open window).
Readings In mR/h. Electron beow 97 nA at 154 kV.
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Dwqý. 7248336

.- J~llJ~lilllll~llllllilll
IUILDING 41 D9.743

Radiation Survey taken with EBG directed Into test rock... s: ~Survey Conducted with Victoreen Lt440 Instrument (opin window).

Readings In mR/h. Electron beam 102 tr I• kV

i .7 .1 .1 i
"1.0 1.3 1.6

S3"'
" *,, PjFENCE

.6 1.0 7
-r'5 46 *,

CNCRETE WALL ~
_ _ _ __- _ _. ._.__.. . ._•_.. _ ,, ,,,NOTE: ,2 mR/h at

fence, approx 1+01

VAC-0 from wall, ! PU. I GIN.PSI

TEST At40
%LOCK AC- 4  O To SCALIT

LI ING ,LEAC) DOOR 101 .7 05 .i

.2

S.2 MOIOGMPN c:• .. ii
S• o ""L.. .7 .5'

.3 Data: 9-8-72 jDOta taken by RA.airry4nd G,.H. frank

WJ* L@IN )1 .'•"m'n

Pis. 6-13 Radiation survey results witbh electron beam dir*ted into
tesL rock* Numbers *ive mR/h at various locationi. L
Ilectron beam 102 mA at 153 kVM
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c) Measures to assure crew safety

1 1) At the rear of the operator's control for the gun a radiation

meter/monitor was mounted (see Fig. A-9) which would trigger an

I interlock relay, shutting off the beam if radiation levels exceeded

a pre-set limit.

1 2) The gun was started initially (each morning) at low power.

During this start-up phase any anomalous situation would have been de-

tected without encountering high radiation levels.

3) Each member of the crew working near the rock cutter had

an audible alarm device which gave a chirping sound, the frequency of

the chirps being the greater the higher the radiation intensity. At

the 2 mR/h level at least several chirps per minute could be heard.*)

4) A calibrated survey meteL', Victoreen Type 440, sensitive to

even very soft x-rays was always operational and sitting on top of the
operator's control console, clearly visible to anyone.

j 5) Everyone carried a rLqistered film badge. During the

complete series of tests reported here the accumulated doses for 5 persons

were as follows: 15 mR, 10 mR, 10 mR, 25 mR, and 5 mR.

6) The access door to the work area (a sliding d.•or with 1/4"

lead on plywood) had an interlock switch. It could also be opened from
the inside, should someone find himself in the work area and the sun

come on. (Not likely in our two-man operation),

7) Whether or not the gun was r•.=ing was evident at all times

j and everywhere from the singing noise of the 4.', t4' "Ph voltage trans-

formers.

1 8) In a later field installation a warning signal could be

installed inside the-x-ray area, soundiwj an alaru before the beam is

turned on, and also a cut-off button (or string) with which one can

1 prevent it from coming on, should someone be trapped. A good viewing

system for the operator would he part of the safety precautions.

5 )berline Instrument Corp., Santa Fe, New Mexico. RAD-TAD
j Detector Model RT-1.
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6.4 Performance Record of the Electron Gun

We had intended to conduct the field tests of electron beam

rock cutting, as they are described in this report, with an electron

gun capable of projecting a 36 kW beam into th's air, and at the same

time with a gun having a long-reach, long-barrel beam transfer column.

The r4asons for building such a long-barrel gun have been discussed

elsewhere in this report.

Unfortunately, the initial layout of the magnetic lenses etc. H1
for the long transfer column introduced certain limitations on the

maximum beam current which could be transmitted through the beam exit

nozzles, the sizes of which were determined by the size of the vacuum

system,

Some delays in the original program occurred because time

was spent trying to overcome these limits on the transmitted beam V
1)

power, and Indeed we found that the problem could be solved by reducing

the distance between the exit nozzle and the second magnetic lens.

The gun proper (cathode, grid, and anode) was capable, at all times,

)f delivering the expected higher beam current. More details on the

electron optics are discussed in Section 8. Implementing the necessary i
changes in gun design would have delayed the test program still more;

and it was considered more important to proceed with the tests, even

at the lower power of the machine. No doubt existed then or now that

guns with higher power can be built; at present a gun with 49 kW beam V
output (same exit nozzles as the rock cutter) at 165 kV is in operation

in our laboratory.,U -.

Unfortunately and incorrectly, the delay in the test program

.because of the developmental work on the gun, was in some discussion.

attributed to reliability aspects of the Sun. As A matter of fact, the

electron gun and the beam transfer system to air, in its present form, Ui

when operated at or below the stated power level are absolutely reliable

devices. In support of this statemant we want in the following paragraphs
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to summarize the service which the present rock cutting machine has

seen, in connection with the development tests and cutting tests which

have been described in other sections of this report.

(a) Operations started with about 100 hours of testing of the

electron optical system and the long beam transfer column. In the

initial start-up and these subsequent tests no trouble was encountered

with the gun proper, which consists mainly of the high voltage

insulator system, the cathode turret, and the auxiliary power supply

(floating at the -150 kV dc potential level). One set of micartaii insulators supporting the auxiliary power supply chassis (,,.o voltage
deck) showed arc tracking marks after some time; it was replaced by

micalex insulators which did not deteriorate. All drives etc. going

to the high voltage deck for controlling cathode power, bias voltage,

and turret rotation have worked trouble-free. The main high voltage

insulator did not require cleaning even once since it was installed;

as a precautionary measure, it was cleaned prior to shipment of the gun

to the Sunnyvale test site. The safe operating voltage exceeded 175 kV

(the maximum no-load voltage whin the power supplies could give).

(b) The beam transfer column, in connection with the earlv

attempts at getting higher beam power transmitted, was be~dly abused in

these tests. This abuse led to burn-up of the lower nozzles with an

associated flow of metal vapors and other debris into the higher stages

of the system. In spite of these conditions the gun prope& kept firing

a beam; no arc-out occurred; no dirt got into and accumulated in the

high vacuum gun chamber or on the high voltage inslators.{

Certain vacuum seals in the beam transfer column initially

suffered heat damage, notably the seals of the ball valve. (It was not

recognized that the valve-ball is essentially floating oa the rubber

3sealing pads and'has therefore no effective cooling by heat transfer to

other metal parts; h'nce, even a weak but continuous current of stray

electrons would heat this valve-ball to an excessive temperature.)
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The problem was solved by incorporating a larger ball valve and shields

against stray electrons.

(c) It was demonstrated that the cheap, 2" diameter oil

diffusion pumps which we use on the electron gun chamber can tolerate

an inclination of +300 to the vertical. It was therefore not necessary

to suspend them on a fully flexible arm, which could, however, be done

if a greater mobility of the rock cutter is desired than the one which

we had needed for the present tests.

(d) Cathode life time (heater time with or without drawing

beam current) was typically over 40 hours (more than a week). Cathode jJ
selection via turret rotation proved to be simple and reproducible.

(The cathode can be seen, and positioned while hot, by looking into

the beam transfer column from the front.)

During the tests at the Sunnyvale site four cathodes were

"used up," not all from burn-out but becauze of dimensional changes in

use and loss of optimum focusing conditions (see Section 8). After two

cathodes had been lost, the gun was opened at a convenient time and the

two cathodes replared by new ones. Apart from this, there was no need

to open up the gun during all these tests.

(e) While we were installing and experimenting with the

optical beam position sensors, the gun and beam transfer column saw

another 50 hours of service.

(f) The tests reported in Section 4.3.1 were made with this

gun, adding:about another 100 ho, rs of beam time to its testing cycle.

As long as the beam output is monitored (the beam going either into a

catcher witl metor, or its positior being monitored by the optical Ii
sensors) ao that slow drifts in position can be corrected, the gun can

run indefinitely at its rated power level without ovecheatlig of any

part.of the systam.
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(g) Parallel operation of the power supplies, 3 modules

of 12 kW rating each, posed no problems. It was also possible to

switch on only one or two modules at a time.

On one occasion during the Sunnyvale tests a rectifier in

one of the power supplies shorted out; tests were continued with only

two power supply modules.

(h) As for the stability and regulation of the input voltage-

(220 volt, 400 Hz) we found the governor control on the commercial

diesel-electric generator perfectly adequate. During all our rock

cutting tests we used only manual high voltage settings and control,

although we have available from the electron beam welders feedback

controls for maintaining a preselected dc value of the high voltage

1 regardless of beam current. (Welding requires programmed current

changes, rock cutting does not.)

(i) During shipment of the gun from Pittsburgh to Sunnyvale

the gun slipped off one of its supports and fell to the floor of the

truck; apart from a few dents in a vacuum duct no damage occurred.

When operations were resumed we found the filament was broken in the

f cathode which was in firing position, and which had seen about 10

hours of beam time at Pittsburgh prior to shipment. The second catl~ode

in the turret, which had also been installed prior to shipment, was

functional and provided a beam of 16 kW.

( (j) In starting-up the machine after shipment we reached the

high voltage level of 165 kV without any difficulty; there was no

deterioration or contamination in the gun chamber or on the insulators

due to shipment and nearly 4 months of "storage" time.

(k) The front end of the gun, in contact with the molten rock,

can endure considerable abuse. Proof is shown in the many photographs In

this report showing molten rock attached to the front end of the gun.
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The shroud is more likely to suffer damage thait th o oxii noto,,, v

because the latter are water cooled whorat' the ihroud to riot, (WAt o1

cooljl.n of the shroud could be lnstaillod rev4dily.)

(1) Only ence durina the Sunnyvale teat. did wo hlav, to

exchange the beam e•uit nozzles, which had become unlnrged dueo to

beam drift. This required an excessive amount of ovor-preosura gav

(helium) but did not impair the vacuum so as to stop thie Sun.

W Never once did tie gUn arc-over and Ihut-of, Thin It

positive proof that no debrin (or dust or vapor) is sucked inLo the

gun chamber, in spite of the rough conditions in the work area) and in

spite of burned out nozzles.

Beam drift (for instance due to unusw.'ed thermal conditions

in the first half hour of operation) led at times to an automatic shut-

off by the temperature sensors at the nozzles; the responee was enough

so that no damage occurred.

(n) At one time unexpjcted overnight rain ,toenched our whole

installation. It caused a few s,orts, ' -rnt-out resistors and fuses in

the control cabinet, but the e3Kctron gun with its high voltage power

supplies and other gear showed no adverse effect; it was, after all, built

to function in the presence of ground wat,,r arJ wnter spray.

The above comments referred to the reliability of the gun as

examplified during our tesLs. The inherent simplicity of an electron

gun (no moving parts, for instance) and other design aspects havc been

discussed elsewuere.
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APPONU1I{ A

titkpuo Oquipmonl for 01"t W100tro" b@AIU Oull oonMprtON a u

V rI Agfo All othoi' oquillont~I O d ?It' 19O'(11-4ay 04utplseiM prior

w~m tho dhoMiti~ And (it~ttreO a (1ItV$,4o#toA) i)Olrt, positt0fl and(

Tho tir*riiit to Oort.Aid to pri''sit wirkfii ouvriviro

It~co i~po 11tiii 4i fop~st wi dto, It 1 nif Ow ('?ApA ItY to M *(VO tit:I gkil

ill til)ho Itgolit (Xdax) Alld vtwrtctl (Y-ANIdM) dirootoaivia~ pa #ll

Lo 0io roo'k faco milt ill Ith iti htooto dirook .A)I1 prpovit%ýUAai' to the rook

fzio (Z-axiiý) t~o coflhj a4to for I urugiul~rtot Wt. Cio eock ourtaco , The

lkt it.Itdti Ot 010~ gull rlt invd LU OtoVOV f AWI( tja IN 41WA) V~ihttl A.A tho J
carriago c~an roat~i tl Oc Ron ill tilthrloiktanu (Y.,Aw) und varticol (pi tch)

it W1041 (A w oru j colp I oi e0 utic V lpL Ioil of tho CAarrhtae It' AIVei I o t 11
~ diai~~ ~ tct.IU, ~t~ -i.to A-18.

A-1. Douall~ IONcriptibn

Tho inkL.al duaign cutteupt cutimisted of' a two-wheelod trAller,
whivii pet'vides thu~ bastzic ct-riage, and tioveral. movab~le structures mounted

on the trat ter, which purmint thu inot'ionu proviouply described. A rec-

tangular fromui ia euntitttod within the tra.iler V'amv atd to supported4

by trolley wheela that ride on the lun~itudinal members of the trailer,

This wheeled box frame provides 30l inchtes of Z-axis motion. A second j

rectangular frame (the X-axis frame) is contained within the I-axis frame

adis similarly supportcd by trolley whaels, which ride on the transverse

members of the Z-axis frame. The X-axis frame permits up to 36 inches of

*See pages following A-18~ for theo cakriuge aetaembly drawings, L
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Mo'tLio n tittit" X-11*10 diOL0 A 0.1,43t b0adrng h to outedOl the
X-414 rfioAl upt W i& r11A .1 oorimkl Thm #It

Ittrukit1'et/cr~o buorttli Qo~blitioll rluwkeo tit a turrtalil,' that permits

r1 kation tit th yiiw inodo The ouporotri~unu' to oompriaod of two
V~okAvl ffofioo whuiol support aund guiotu he gun mount during actioni

to the Y-Axt" firooL10u1 The oult ffoknutý t& toisf ii a tnohwdtameter

Vhft 01411 VLOt~UN acftI therebOY Pifovtda tit@ Pitu rotation 00PAbtlity,

Tit adootth pto o~f aa upportodb i vakg tnoorporated to

Clio VwANIN guide# which move Vertically ini thu a1fo iiontiorned vertical

rho itittial Quonwet uood ii roller vha~in drive system, poworod

hydo v~raki~hlo opoed iir Thio iiymtom waii selectod boocause (.1)

Clho sawai puwor roqutiromenu~ would result tit A relatively low coat drive

L a~~~ysitom' (1) muoot vopontant ap oarod to be Avikilable as"ffiuwhi"

thardwaro, (1i) tho ahtilty of' Vollor 'holit ayatemas ti. fu%%Qtioii at low

upood tit dlitty uvtlvromontit with mininmumi of maintenance is a dasirablel

T teNature, aiid (4) tho opeed control capability of a tic drive system wooii ttractivo. liitiai deusign layout, work was don. usingii the fregoing
do liktor/iuller Chalin i ystol.

At Otim tisg~o tit tia destig task, Lt hacaino Appareat that

the power requirements for pitch rotation had been underoatimated and that

the low apeekla roquivtW wore boyci' i the reductiott capability of mout

arandord gteariuotora. At this point, the@ low-coat advantage of this

5 ~drive system ceasod to' exist as the estimated coat of the drive system

waQ over $4000. Alternate systems were then explored with the finalf1
selection beinU tho hydrakuliC systuni/roller chain combinationt This

system has hydraulic cylinders anid rotary actuators for power transmission

and roller chains as mechanical synchronixing devices. It Sacrif ices

the remote speed control capability of the do motor system but has other
advantages, such as (1) lower coat (about $2500), (2) buffering provided4

by the cylindorn (i.e., prevent free fu~ll of components) in the event

of a niuciatnicat failure, and (3) good reli~ability. Tile sp-oad control is

reta~kned through the use of variable flow control valves for all motiona,
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althoulh speed thanoeo must view be acuouplished by chan&4 'i valve settingn
oti the cavrtaje, The remoto speed control feature could be regtatnd

through the use of aerva valvea, but Westinghouse engineers ot Sunnyvale

Nit that a servo system tis mre sophtscitated than ts rxquired for

fldi test operations,

Ths folloving• svtion h-2 contain# the carriage spectfications

as prepared in March 1971 and presented with the First Quarterly Report

I I

I''
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A-2 ELECTRON BEAM GUN CARRIAGE DESIGN SPECIFICATION

1.0 SCOPL.

This document defines the design parameters and characteristics I
for an electron-beam gun carriage for use in a field test of the

gun's rock cutting capabilities.

2.0 INTRODUCTION I
2.1 Field Test Program

The field test program is intended to evaluate the electron

beam gun as a prime mechanism of fragmentation in a rock

excavation process. The test will be conducted in a-hard

rock field environment with objectives of establishing a

correlation between laboratory test data and field results,

and determining effects of variables such as standoff

distance and cutting speed. A secondary objective of the

field tests is to evaluate gun handling and support systems

in the field environment.

2.2 Carriage Functions

The carriage and associated equipment are intended for use

with the electron beam gun in the field test program. The

carriage is the device which supports, manipulates and positions
. ~~the gun during transport and cutting operations. The carriage .

also carries ancillary equipment such as vacuum systems or

shielding required in close proximity during these operations.
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3.0 GENERAL REQUIREMENTS.

3.1 Field Test Site

3.1.1 Work Face5 The field tests will be conducted on a large, relatively

unfractured rock mass. The maximum size of the rock face

to be worked from a single carriage location shall be

eight feet high by eight feet wide. The base of the six

foot square work face shall be at ground level, i.e., in

the plane upon which the carriage rests. In order tog permit excavation of a tunnel, the total projected

frontal area of the gun and carriage assembly must be

contained within the six foot square work face outline

described above.

.3.1.2 Test Site Environment

The field tests will be conducted in surface excavation

(quarry) or an underground excavation site. The ground

surface can be expected to be crushed rock or earthfill.

The carriage shall be designed to withstand and operate

under the following environmental conditions:

a) Ambient temperature: variable from
320 F to 120*F

b) Exposure to direct sunlight

c) Exposure to intermittent rainfall

d) Atmosphere containing abrasive dust
or fine rock debris product in

excavation process.

3.2 Portability

3.2.1 Site to Site Movement

The carriage shall be designed in such a manner as to

facilitate transportation from one work site to another.

The carriage may be trailer-mounted or mounted on a skid

requiring transportation by truck. In either case the

capabilities of a commercial carrier should not be exceeded.

A-5
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3.2.2 On Site Mobility
The carriage shall have the capability of being moved

from one work location to another at the same test site.

To achieve this mobility the carriage may be mounted on

wheels or equipped with skids for handling with a fork
lift. When on location on a work face, the carriage

shall be stabilized to prevent carriage movement during

cutting operations.

"3.2.3 Support System Hook-up

Carriage support systems such as electro-mechanical or
electro-hydraulic power supplies, hydraulic reservoirs, U
etc. shall be designed with portability in mind to

mi.nimize field assemibly problems. I
3.2.4 On Site Assembly

'The carriage may be disassembled for transportation from

one work site to another, but on-site assembly labor re-

quired shall be kept at a minimum. No special tooling or

equipment beyond that intended for use in the field talc

program shall be required. The carriage may require a II
small crane or light hoisting capability for field assembly.

3.3 Radiation

The electron beam gun produces non-residual X-ray radiation during

its operation. Components and materials used in the carriage
drive system should be selected with operation and X-ray field

as a consideration, or shielded components may be used. Work

site shielding and control station shielding is required asnI

outlined in para. 7.1.

4.0 GUN/rARRIAGE/ANCILLARY EQUIPMENT INTERFACES

4.1 Electron Beam Gun Svyatem.

A schematic diagram of the electron beam gun system with

ancillary equipment appears in figure 1. Portions of the system [1
mounted on the car iage are indicated in the diagram.
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4.2 Gan/Carriage InterficeI

4.2.1 EBG Space Envelope

The space envelope required by the electron beam gun

is approximated by a rectangular solid 9 feet long by

4-1/2 feet high by 4 feet wide. The EBG electrical
terminal box occupies a space 30 inches long by 32

inches high by 9 inches wide. The gun space envelope

is shown in figure 2.

4.2.2 Gun Mounts

The mounting or attachmaent structure of the electron

beam gun consists of two structural plates welded to

each side of the power supply box in the location shown j
in figure 2. Each plate has ten drilled and tapped

mounting holes as detailed in figure 3.

4.2.3 Weight

The weight of the electron beam gun assembly is

approximately 1500 lbs.

4.3 Ancillary Equipment

4.3.1 Space Envelope

The space envelope required for the vacuum pump system [
for the upper pumping stages is a rectangular solid

approximately 32 inches high by 29 inches long by 27
inches wide. This space *nvelope is illustrated in

figure 4. Due to the vacuum system pump capability, the j
maximum allowable length of the flexible hose connecting

the gun and the. vacuum system is 6 feet, therefore the U
upper stage vacuum pump systemn must be located on or

adjacent to the carriage.
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4.3.2 VacumSystem Mounting

The vacuum system for the upper stages is mounted in

a steel frame structure which may be bolted to the

carriage or may be mounted on its own dolly within

6 feet of the gun.

4.3.3 Weight

The weight of uperstage vacuum pump system and its

steel frame is approximately 675 lbs.

5.0 CARRIAGE PERFORMAINCE

5.1 Gun Manipulation

5.1.1 Axis Orientation

For the purpose of describing gun motions the axes

shown in figure 5 will be used. The X and Y axes define

a vertical plane parallel to the rock face. The Z axis

is perpendicular to the X-Y plane and the rock face and

coincides with gun center line when the gun is centered

on the carriage.

5.1.2 Gun Motions and Limitations

The amount of gun motion may be limited by the distance

from the upper stage vacuum pump system as described

in para. 4.3. Maximum hose length between this system

and the gun is 6 feet. Another limitation is imposed

by the oil diffusion pumping system used by the gun.

The pumps used must be mounted so that their longitudinal

axis does not deviaLe more than 15* from true vertical.

5.1.2.1 Rotation and Tilt

Rotation and tilt capabilities of the carriage

shall be defined In terms of roll, pitch and

yaw. Roll refers to rotation of about the Z

A-1 2
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WON4 aud e IdIA ho Itoliit' t withi IV Or tho

tito Y 4NI5t ti*14 W th# Plilne iatoII@t by theJ

jai ~tr I' ofor w Q 4n~l 'And M1 verttoa1 * and tile

Ault ta limitod to 4 maximum of +P Pi t $h,
Tho oairrkaa@ *ouatid hwovaro bo dualpend with 1
tite oapability for a total pitoit Atiglo oft ¶1

atich oil fi'oi 15" 44bo'Fp tilshe riantol Agio to
75' 4low tit: orloontal W ato : enble tho
gull 0o 1,0401 "Airk Inentto it the ox~avatitoo
flor, YAW t defined Ali rotation All a horts'-

ounts' plane Abo)ut tho vev tiolta or Y as io thero

are tno hticatiutis oll tho Amount of YAW wdhil

CA" be toi'uatd. DoAA11% YAW vapabthtty Ohall

be 45' minimum to oithot stide of the litu

t~Rporonditcular to t1. work Neeo,

5.l.2.2 X Ho4J~

X Axis *mioiton (horlaontiul traverse) "hall he

proVidedI As requdred to enable tho uon to workJ

at 6 tout: Wide face. X-AXtH Motioni may Ila

.obinod withi yaw, (rotation about Ohe Y axis.)

to achiovo tho desirtud width. A t~iniunum of

toot of huriasontal tvavertao %oaplabitlty of X
aXiU MotiOn LK deafrabtu,

Y axis motion (vertical truverse) shall be

provided as required to enable the guni to work f
a 6 foot hight rock face, Rotation about tile X

axis (pitch), may be combined with Y axis

motion to ac.hieve tho dea$~rsd work face height.3
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Ida L.i..Amotion 0al b provided to pri

vao. for* and ait movooont at OUR% Tile

4ArY140 414411 be 0apablo of I aisv motion
to ardlas* of gull attttuiie. A Milieu* ot

± t"000e matioll from tile nominal. ORu

aparattnu pusition to required.

Hotiono to~ A a"IV 4irocton may bd consetant

and @hall not exceed 13i~ nohas per minute,
Velocity In all othor mo4as of opera~tion retor#

to the volooity of the gun exit noesle relative

to tits work face, Velocities during Quttting

operations shall he variable from I Inch per

minuke to 10 inchtes per mtinto and shall be

controllablo to within + 10 percent.

The required carrigac moti cnv ind gun manipulations are to he4

achieved through the use of electro-mechardeal or elactro-

hydaulic power transmisaian oyatotw. Any h~ydraulic Uiuds
used should be fire viesiatunt such as a phosphateo-ester fluid.

Electronic~ components used in drive systems must be shielded

6.0 CONTROLS

6. gunComtrols J

All control stations shall contain master on-off controle for

the electron boom gun. The gun control oonaole shall be remote

beatm sun.

I ~A-1 5
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The OPeaOW006 Mt.AttR MhAll bersOt t~l'ktO P 1110 Citr~illi

arid ehaik ciontain 411 controllu noooleeAiy to~portorm suni

1IG"t til thor Otations, avid a radl.~tuio ieoioi
monittor interaokod with tho ipan.

The oarriage and manipltion syvtitw ahall lie oqutppod
with controls and drive aysltoms douiugued to litop tho guii

ill any attitudo, in any ofi ito 010 Iooo, and hold it fil

that P~tQ1

*~' cuiiL:'~i Swill* 4wt

The cntrultewt~ aho .ab equipped ihItr

.1 tckt ati noovt to proviont operaitioti of tho
aotctroo bumi gull without roquirod gun auxi liary

oyat@eIW oc asM vacuum, wato'r and ar

6,. 2.J. Over-Travel

Thot carriage drive systom suiall bii uquiijppd with
ovvr-tLdvud interlockti it, Limit synterns to pro~-

Vont tw-.'2  ilerh driVU inechaulimma.

Limit switches or other sensors shall be locaited

on che transefer column adjacent to the exit

noaxle. Those shall be interlocked to prevent.

drivitig tho gun into the work face in any of

tile moddu of the gun motion.
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Radtion interlooks shall be provided as
follows

ua) The radiation level monitor in the

operator's station shall be interlocked

to stop gun operation in the event that

the detected emission rate axceede 20

L mntlliroentgenu per hour.

b) The work site shielding doors shall be

interlocked to prevent gun operation with

Supen doors.

7.0 SAFEITY R•QUIRUENTS

7.1 Radiation

Due to X-ray radiation produced by the gun during its operation

-mhtelding must be provided for the operator and other field

tout observers.

7.1.1 OparAtor's Station

The operator's station shall consist of a plywood booth

oheathed with lead .25 inches thick and equipped with

leaded glass windows. The control station (pare, 6.2)

shall be located within this booth. The control station

dig shall be interlocked in accordance with pare. 6.2.3.4(a).

7.1.2 Work Site Shielding

The entire work site shall also be shielded for observers'

protection by surrounding it with .25 inch lead sheathed

plywood fence or equivalent (e.g. 3 or 4 layers of dense

concrete block), also equipped with leaded glass windows.

Shielding doors shall be interlocked in accordance with
para. 6.2.3.4(b).

A-17
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All
7.2 Phy~scal Pr~otection

Physical protection is required to minimize the possibility of

damage due to rock falliug from the work face or from adjacent

*trata. Gun pcotection may be incorporated in the carriage o'

may be obtained from structure covering the work site.

8.0 UTILITIES

The following utilities are required for operation of the electron

beam gun.

a) 220 volt, 3 phase, 60 cycle electrical power

at 30 1W continuous, 60 KW peak.

b) 220 volt, 3 phase, 400 cycle electrical power

60 KW and 75 KVA.

8.2 Air,_Water & Helium

a) Aii' at 60 lb. per sq. inch and 200 standard

cubic feet per minute (20 SCFM for gun and

180 for blast jet use).

b) Water at 15 gallons per minute and 50 lb. per

sq. inch, (5 GPM for gun and pump cooling water, f1
10 GPM for blast jet use and rock face debris

removal. [J
c) Helium, at rate of 300 standard cubic feet per

hour while beam is on. j

A-18
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SI
J, A-3 CARRIAG'E. TEISTING

Work vn the ,:-ar tago ainco delivery oernmiartd of ,vomploting tho:1 electrikal an' control uyatems, conducting an operational test of i'l

carriage, and making mincor modifications am a result of deficienies

observed in the tests. In-plant tsting of the HIK carriage it oub-

divided into two categoiria.: (1) an initial phase uting a mock-up

of an EHG, and (2) a final phase to verify operation of the carriage in

conjunction with the 36-kW EBO. The first rasults of the iniial phase

testing were rportod in the Second Quarterly Renort,as folluwa ,

I. Initial Testsi

J 'trhe initial phasg of thO ir,-plant. tests consists of tivoral

tests to verify operation of the carriage hydraulic system, to obtain

calibration data for the system velocity controls, and to detect and

- ij measure any beam oscillations that might occur as a result of hydraulic

tr-usl.ents or structucal vibrations. Preliminary carriage tests were

I • ,-perforued in a no-load condition to verify operation of all components.
A concrete and steel pipe mock-up of the EBG was then constructed and

mounted on the vtarriaSe for the remaining tests. The mock-up gun

approximates the field test gun in space envelope, weight, and center-

of-gravity location. The carriage, with the mock-up gun installed,

appears in Figure A-6 through A-9. Figure A-8 is a time exposure taken

during carriage translation with a light attached to the end of the

transfer column to recurd the gun motion. Although all modes of opera-

tion are represented in Figure A-8, these motions do not extend to the

limits of the gun manipulator. The control panel for the carriage

is shown in Figure A-9.
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After inat•alation of the mock-up, q surieu of calibration tests

was ruM LO obtain thi data roquired for vUl. cCIy control. Each portion

of Cihe carriage hydraul.c system is equipped with tamperature- and pressure-

compensated variable flow control valves, These valves will permit

repeatable and conatanL vel, ociLy control for each mode of operation. The

calibration cons.ists of operating the various portions of the hydraulic

circuit at sever,'L flow control settings. The actuation time for each

operation is recorded and the results plotted as beam velocity vs. valve

setting. Tiose toests will be completed in early July.

The second phase of testing will begin when the 36-.kW gun is

installed on the ca'rriage, This phase is comprised of a series of

tests to recheck the previous valve calibratikn data, to identify any

physic .tlLerferenco problems that may exist, and to 'verify operation

of the HBG with the field configuration of vacuum pumps and motor-

generator sets, The operational tests will include some preliminary

cutting tests, to be performed using a 6 x 6 x 5-foot granite test '

block.

2. Modifications

In the preliminary testing, some discrepancies in carriage

operation were noted. The clearances between the portions of the gun

mount, which move ,in the Y-axis or vertical mode, were found to be

excessive, and under certain loading conditions, the movable portions

could be "derailed". A system of auxiliary guide rollers has been

designed and installed to redistribute the loads, and thereby alleviate

the problem. As mentioned in the First Quarterly Report, a

flexible coupling was provided in the gaar drive system to prevent any

misaligranent problems chat might result from a redundant center condition.

"The rigid coupling appeared to function properly but was removed anyway

and replaced with the flexible device. The flexible rubber insert in the

new coupling resulted in soft or spongy response in the yaw drive with

a considerable airount of over-shoot observed at the end of the actuator

stroke and upon control valve closure. The rigid coupling will be
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I reinstalled to eliminate these undesirable characteristics. The results

of the remaining initial, phase tests are described below. (As in the

1 3rd Quarterly Report.)

S3. Carriage Test, Continued

Tests were conducted to verify proper operation of the carriage

hydraulic system and controls and to determine velocities of motion

resulting from various hydraulic system adjustments. To simulate the

operational configuration of the carriage with the EBG installed, an

EBG mock-up was constructed and installed on the carriage for the

preliminary tests. This mock-up, made of concrete and steel pipe,

approximates the 36-kW EBG in weight, overall dimensions, and center

of gravity location as indicated in Table A-I.

Table A-1

I COMPARISON OF 36 KW EBG AND MOCK-UP EBG

136. KW EBG Mock-up

Weight 1500* 1474

Moment due to CG Location 18,000 in.-lb. 15,500 in.-lb.

The carriage is capable of moving the gun along the x, y, and z axes and

in the rotational modes of pitch and yaw. Axis orientation and rotational

modes are indicated in Figure 5. Motion in each of the five modes of

j operation is accomplished using linear or rotary hydraulic actuators with

velocity control in all modes except the z axis achieved through the use
of temperature and pressure compensated flow control valves. Velocity

control in the z-axis mode is achieved using an uncompensated variable

orifice flow control valve.

4. Carriage Test Results

V Measurements of linear and rotary full stroke displacements

were made for each mode of operation. Each of the actuators was then

Thi 1500-pound weight was a very conse~rvative early estimate of the gun
weight. Actual weight is approximately 975 pounds.
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cycled at several different flow control valve settings. The time re-

quired for actuation at each setting was measured and .recorded.

An additional test w-s conducted to determine the amplitude

and frequency of vibration or beam oscillation present at the end of theII
gun transfer column. No mention was made in the design requirements of

vibration limits, but this was subsequently determined to be an area of

concern. Horizontal and vertical vibrations were measured at several flow

control valve settings for each mode of operation using MB velocity

pickups in conjunction with an MB meter and an oscilloscope.

Actuation Velocities. Times required for full-stroke actuation for

various valve settings were used to calculate velocities at the gun

exit nozzle. Velocities for each mode of operation were plotted against

valve opening (see Figures A-10 through A-13).

Temperatures. Hydraulic fluid temperatures were recorded throughout I
the test. The fluid temperature repeatedly reached the maximum allowable

temperature of 150*F after about 4 to 6 hours of continuous operation;

test operations had to be halted to permit the system to cool.

Vibration. Amplitude and frequency of horizuntal and vertical exit

nozzle vibration were measured and recorded during aach mode of operation

at various flow control valve settings. Both amplitude and frequency

appear to be independent of actuation velocity. Frequencies were 3 to

4 cps in the horizontal direction and 8 to 10 cps in the vertical. N
Amplitudes (peak to peak) varied from 0.001 inch to 0.01 irnc.h with

averages from 0.0005 inch to 0.001 inch.

5. Conclusions and Recommendations

General Performance. The electron beam gun carriage performs as r'quired

by the design requirements specification except for the irregulrities in .

velocity control and the problcm of hydraulic systom overheating. No
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I

anomalies were noted during operation, and the only construction dis-
crepancy noted was the use of fixed elbow hose connections in the
hydraulic system when swivel elbows had been called for on the carriage

procurement drawings. Replacement of the fixed elbows with swivel

elbows is recommended.

j Actuation Velocities. The specification requires actuation velocities

in all modes to be variable within the range of 0 to 30 inche6 per minute.

The X- and Y-axis control systems perform in accordance with the specifi-

cation requirements except for some irregularities which appear on the
7 velocity plots as apparent decreases in velocity resulting from an

increase in valve opening. This behavior is attributed to changes in
oil temperature and viscosity.

Actuation velocities and their control in the pitch and yaw mode
are less satisfactory. In the yaw mode, performance was characterized

by ver:y high velocities, varying from 67 inches with the valve 0.25
turn open to 900 inches per minute at 2.5 turns open, and by large

S[irregularities in flow resulting from temperature changes in the hydraulic

fluid. The manufacturer's specification for performance of the yaw and[pitch circuit flow control valves states that they will maintaia constant

flow over a pressure range of 70 to 3000 psi with a +1.0 percent variation

I in flow, and over a temperature differential of 60*F with +2.5 percent
variation in flow, in the flow range frota 0 to 25 cubic inches per
minute. To achieve operation at the desired velocities, the flow

controls must operate properly in the bottom 2 percent of the flow range,
and they are apparently not capable of this performance. A possible

j remedy, which may be employed to achieve more precise control in the yaw

circuit, would require replacement of the present direct coupling of *-
I he actuator to its driven mechan~ism with a chain or gear drive with at

least a ":1 reduction.

Pitch circuit performance is also characterized by high velocities

in the "up" direction and by very low velocities in the "down" direction.
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Velocities measured in the "up" direction varied frori 13.8 inches per

minute at a valve setting of 0.25 turn to 185 inches per minute at 5.0

turns open. These velocities correspond to flow rates of 7.7 cubic inches

per minute and 104 cubic inches per minute, respectively. Since the

maximum flow rate for this valve is 25 cubic inches per minute, the flow

control valve is apparently defective. The pitch "down" circuit provides

satisfactory velocity control, except that motion was extremely slow

until the valve was opened 2.0 turns.

The flow control valve manufacturer has agreed to replace the

defec Ave valves. They will also test valves to find two that operate

satisfactorily in the lower portions of their flow range. These will

replace those presently in the yaw circuit.

Temperature. The maximum permissible operating temperature for the

carriage hydraulic system is 150*F. This temperature was reached

several times during the test, necessitating a halt in test operations to

permit the system to cool to an allowable operating temperature. The

temperature fluctuations also have a pronounced cffect on flow control

valve performance. For these reasons, installation of an air/oil or

water/oil heat exchanger is recommended rrt maintain a maximum fluid

temperature of approximately 100*F. Rough heat load calculations

indicate that the required heat exchanger should have a maximum

capacity of removing 60 btu/minute from Lhe hydrailic fluid returning

to the reservoir. The actuation velocity tests should be repeated

after installation of a heat exchanger and replacement of defective

valves.

Vibration. Amplitud%ý. recorded during the vibration test remained

constant at several valve settings and appeared to be affected only by

background vibration, such as that caused by motion of heavy machinery

in the adjacent akea. These inputs, transmitted through the concrete

floor of the Lest area, resulted in large response motion of the

carriage and test weight. In field tests, this will not be a problem
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Tho first selected site was the Logan quartz gnbbro quarry
in Aroma8, California, near W4atsonville (see Figure B3-1 and Bl-2). This

quarry is owned andt currently operated by the Granite Rock Company of

Aromas, California and is available for electron beam gun test use. It -

Is located about eight milos from Watsonville and is approximately one

hour and .15 minutes travel tim-.3 from the Westinghouse Sunnyvale
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fiacLi [tyv. Whili not far from Watsonville, the siteo La relatively

i'iolatud and has Limited accuss; thus seeurity should not be a large

problem. Utilities are avilable at the Site, and site support equip-1 mont and labor are available at 0ost from the quarry operator.

'L'hu quarry its,.lf Is approximately one-half mile across and

has a fI.at floor of packed gLanitu sand. The rock walls of the quarry
vary from 80 to about 100 foet high and present excellent exposures

of unwuathured rock, both fractured and relatively unfractured (see

Figure B-2). The rock itself is a hornblende quartz gabbro containing

about 10 percent quartz and 35 to 48 percent green hornblende. The

4' Logan formation is described in greater detail by Donald C. Ross in

Reference 31.

A view of this site is presented in Fig. B-i and B-2. Since

it is located on the San Adreas Fault, the Logan rock is extensively

fractured and faulted. After a second visit to ,he Logan site by
Westinghouse and Bureau of Mines personnel in June 1971, this site was

rejected as a prime test site, and another site was located that more

completely fulfills the desired geologic requirements.
I• The approved test site, also visited by Westinghouse and

Bureau of Mines personnel, is the Raymond Granite Company's "Sierra

White" granite quarry. The quarry is located in the Sierra Nevada
." foothills of California and 25 miles south-southwest of Yosemite National

Park. A sectlon of the USGS map for California gives an indication of

geological formations in the Raymond area.
The Raymond quarry .is a producer of white granite dimension-

stone products, which are excavated from an exposed face of an extensive

mesozoic granitic formation. The rock is an even textured, fine grained

moscovite-biotite granite, grayish white in color. The chemical

composition of the rock and some of its physical properties were listed

j.in Section 4.3.1 of the main text of this report.

"Sierra White" is the producer's trade name for the rock from this>1 ** quarry.

See Mariposa Sheet of Olaf P. Jenkins' Edicltion of Geologic Map of
California Compilation by Rudolph G. Strand, U.S. Geological Survey, 1967.
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Figure B-3. The granite block used in the tests came from this dimenstion

stone quarry in Raymond, California
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I
In their excavation of the quarry, the operators have

refrained from the use of explosives whenever possible, and therefore,
the rock mass is almost entirely fracture-free. Figure B-3 shows the

location. The test block for the tests d.'scribed in Section 4.3 came

from this site.

I While this site is ideal geologically, its use presents other

difficulties, primarily because of its rather remote location. Utilities

and telephone communications are available, but the closest living

accommodations and medical facilities are in Madera. The support

equipment and labor available from the quarry operator are rather limiited.

He will provide a part-time electrician to provide power to the tent

face, but all other labor must be provided by Westinghouse. A small

machine shop and some welding equipment are available for Westinghouse

use, but again, personnel must be provided by Westinghouse.

OLher arguments which speak against the use of this test site

have been advanced already in Sections 4.3 of this report.

B-2 Equipment

SA set of shielding panels, consisting of 1/4" lead on plywood

and backed by a frame of 2 x 4 lumber, have been bought. In addition

[ some lead glass panes were bought to cover new windows which were cut

into some of the lead panels. None of the above was used, except the

I panels for the "sky-shine" shield discussed in Section 4.2

The motor generator sets which were used at the Sunnyvale test

j site were rented units; they would have been used at the field site as

well, but the lease on them was not extended after the Sunnyvale tests

J were completed.
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